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Introduction 


Brain  metastases  are  among  the  most  feared  complications  in  breast  cancer  (1-3).  Today,  nearly  30%  of 
patients  with  advanced  breast  cancer  are  eventually  diagnosed  with  brain  lesions,  making  breast  tumors  the 
main  source  of  metastatic  brain  disease  in  women  (4,  5).  However,  treatment  options  are  limited  and  in  most 
cases  prolong  patient  survival  only  for  a  few  weeks  or  months,  often  associated  with  severe  side  effects. 
Current  treatment  options  are  surgery,  if  isolated  brain  lesions  can  be  safely  removed,  gamma  knife  surgery 
and  whole  brain  radiation.  Unfortunately,  cases  with  operable  lesions  are  rare  and  brain  metastatic  disease  is 
most  often  widespread  and  ultimately  fails  to  respond  to  these  therapies.  Therefore,  it  is  imperative  to  develop 
new,  effective  regimens  that  prevent  and  control  this  stage  of  the  disease.  Thus,  the  goal  of  our  project  is  to 
develop  mechanisms  through  which  therapeutic  antibodies  can  be  successfully  delivered  to  breast  cancer 
brain  lesions  to  effectively  interfere  with  intracranial  tumor  cell  growth  and  expansion.  Today’s  clinical  regimen 
of  antibodies  against  metastatic  breast  cancer  progression  include  Herceptin,  a  human  antibody  directed 
against  the  Her2  receptor  expressed  on  an  aggressive  subgroup  of  breast  cancer  types  that  frequently 
metastasizes  to  all  major  target  organs  of  breast  cancer  metastasis,  including  the  brain.  Herceptin  treatment 
has  been  successfully  used  in  the  clinic  and  a  high  percentage  of  treated  patients,  at  least  initially,  respond 
well  to  this  therapy  with  regression  of  extracranial  metastatic  burden.  However,  the  incidence  of  brain  lesions  in 
these  patients  is  rising  (6).  Failure  of  the  therapeutic  antibody  to  reach  breast  cancer  cells  has  been  held 
responsible  for  progression  of  brain  metastasis  in  the  central  nervous  system  under  the  antibody  treatment  (7- 
10). 

As  antibodies  could  potentially  serve  as  effective  anti-cancer  agents  against  brain  metastases,  a  major  hurdle 
to  overcome  in  treatment  of  breast  cancer  brain  metastases  is  to  develop  delivery  systems  that  will  allow 
antibody  molecules,  or  their  effective  fragments,  to  pass  the  blood  brain  barrier  and  reach  widespread  lesions 
within  the  central  nervous  system. 

Body 

The  aims  of  our  study  are: 

1 .  To  develop  components  for  a  functional  and  clinically  relevant  model  of  breast  cancer  brain  metastasis 
and  neural  progenitor  cell  scFv  therapy 

2.  To  generate  a  pre-clinical  model  of  neural  progenitor-scFv  therapy  and  test  its  efficacy  in  vivo 

During  the  past  funding  period,  we  have  made  major  progress  toward  these  aims  and  reached  several  of  our 
milestones  defined  in  the  statement  of  work.  Guided  by  our  results,  we  have  also  expanded  the  questions 
addressed,  to  optimize  the  outcome  toward  better  understanding  of  breast  cancer  brain  lesions  development 
and  finding  of  effective  ways  to  treat  lesions  in  the  central  nervous  system. 


Milestones  reached: 


Clinically  relevant  model  of  breast  cancer  brain  metastasis 

•  We  analyzed  initial  steps  of  brain  colonization  by  circulating  breast  cancer  cells  from  the  blood  stream 
and  investigated  the  timing  and  mechanism  involved  in  tumor  cell  penetration  of  the  blood  brain  barrier 
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•  In  analyzing  early  steps  of  breast  cancer  brain  metastasis,  namely  the  initial  colonization  of  the  brain  by 
circulating  breast  cancer  cells  and  their  invasion  of  the  brain  tissue,  we  identified  early  as  well  as 
persisting  host  cell  reactions  to  the  arrival  of  breast  cancer  cells  in  the  brain.  We  have  progressed  to 
investigating  mechanisms  through  which  these  host  cells,  namely  astrocytes  and  microglial  cells, 
interact  with  brain  metastatic  breast  cancer  cells  and  influence  the  development  of  breast  cancer  brain 
lesions. 

•  We  have  developed  two  new  unique  cell  models  of  human  breast  cancer  brain  metastasis.  These  cell 
models  were  derived  from  surgical  specimens  of  patients  with  brain  metastatic  disease.  These  models 
and  their  characteristics  will  be  major  contributions  to  the  field  of  breast  cancer  brain  metastasis  as 
there  are  currently  no  suitable  models  that  accurately  emulate  the  human  situation  and  are  amenable  to 
experimentation  in  vitro  and  in  vivo  (mouse  model). 

•  We  have  identified  cell  subpopulations  within  these  new  brain  metastatic  cell  models  that  have  distinct 
intracranial  growth  properties. 

•  Investigation  of  currently  believed  stem  cell  markers  expressed  in  these  subpopulations  revealed  that 
putative  stem  cell  markers  do  NOT  identify  the  most  aggressively  growing  cell  population  and  do  not 
represent  the  cell  population  that  is  capable  most  effectively  initiating  brain  metastatic  growth. 

•  Functional  and  gene  expression  analyses  of  the  stem  cell  marker  expressing  and  non-stem  cell  marker 
expressing  subpopulations  is  beginning  to  reveal  new  mechanisms  involved  in  the  control  of  breast 
cancer  brain  metastatic  growth.  The  results  are  also  beginning  to  identify  new  potential  targets  for 
therapeutic  inhibition. 


As  brain  metastases  are  difficult  to  treat  and  mostly  develop  late  during  progressive  metastatic  disease,  breast 
cancer  patients  at  risk  would  benefit  from  the  development  of  prevention  as  well  as  improved  treatments.  This 
requires  knowledge  of  the  initial  events  that  lead  to  brain  metastasis.  Our  study  revealed  cellular  events  during 
the  initiation  of  brain  metastasis  by  breast  cancer  cells  and  documents  the  earliest  host  responses  to  incoming 
cancer  cells  after  carotid  artery  injection  in  immune  deficient  and  immune  competent  mouse  models.  Our 
findings  capture  and  characterize  heterogeneous  astrocytic  and  microglial  reactions  to  the  arrest  and 
extravasation  of  cancer  cells  in  the  brain,  showing  immediate  and  drastic  changes  in  the  brain 
microenvironment  upon  arrival  of  individual  cancer  cells.  We  identified  reactive  astrocytes  as  the  most  active 
host  cell  population  that  immediately  localizes  to  individual  invading  tumor  cells  and  continuously  associates 
with  growing  metastatic  lesions.  Up-regulation  of  MMP-9  associated  with  astrocyte  activation  in  the  immediate 
vicinity  of  extravasating  cancer  cells  might  support  their  progression.  Early  involvement  of  different  host  cell 
types  indicates  environmental  clues  that  might  co-determine  whether  a  single  cancer  cell  progresses  to 
macrometastasis  or  remains  dormant.  Thus,  information  on  the  initial  interplay  between  brain  homing  tumor 
cells  and  reactive  host  cells  may  help  develop  strategies  for  prevention  and  treatment  of  symptomatic  breast 


cancer  brain  metastases. 


B 


4T1-day  7 


medium-day  7 


day  7 


Figure  1.  Microglial  cell  responses 
to  invading  cancer  cells  are 
heterogeneous.  Microglial  activation 
in  response  to  cancer  cell  invasion 
varies  at  early  as  well  as  late  stages, 
as  detected  by  immunofluorescence 
analysis.  (A)  MDA-MB-435  cells  in 
immunosuppressed  mice;  a:  Diverse 
microglial  responses  (green)  to 
incoming  cancer  cells  (red)  on  day  7. 
Responses  include  b:  absence  of 
microglial  cells,  c:  presence  of 
hypertrophic  stellate  activated,  or  d: 
amoeboid  reactive  microglial  cells. 
Similarly,  on  day  50,  e:  some 
macrometastases  show  no  microglial 
involvement,  orf:  contain  stellate  or  g: 
amoeboid  microglia.  Bars:  100  pm  (a), 
50  pm  (b-g). 
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Figure  1.  Microglial  cell  responses  to 
invading  cancer  cells  are 
heterogeneous  (continued) 

(B)  4T1  cells  in  immunocompetent  mice; 
a:  Distribution  of  activated  microglia 
(red)  in  the  mouse  brain  7  days  after 
carotid  artery  injection  of  cancer  cells 
(left)  or  medium  alone  (right).  White 
arrowheads  mark  the  GFP-labeled 
cancer  cells  (green).  Diverse  microglial 
responses  to  cancer  cells  include  b: 
absence  of  microglial  cells,  c:  presence 
of  hypertrophic  stellate,  or  d:  reactive 
amoeboid  microglial  cells.  Bar:  50  pm. 


To  understand  the  nature  of  brain  metastatic  breast  cancer  cells  and  identify  key  functional  parameters  of  their 
brain  metastatic  activity  as  therapeutic  targets,  we  established  two  new  cell  models  that  were  derived  from 
actual  surgical  specimens  of  brain  lesions  from  breast  cancer  patients.  Figure  2  shows  RJBrl,  one  of  our  new 
brain  metastatic  cell  models  grown  in  culture  and  as  xenografts  in  the  central  nervous  system  of  immuno 
deficient  SCID  mice.  These  tumor  cells  are  ER-/PR+  and  Her2+  and  show  aggressive  rapid  intracranial  growth 
and  invasive  expansion  within  the  central  nervous  system  when  implanted  into  the  brain  microenvironment. 


in  vitro  cell  culture 


Figure  2.  RJBR1,  a  new  cell  model  of 
breast  cancer  brain  metastasis.  In 

culture,  these  cells  grow  with  an  epithelial 
like  morphology.  Once  implanted  into  the 
brain  of  female  SCID  mice,  the  cells  rapidly 
expand  and  invasively  infiltrate  the  central 
nervous  system.  By  gene  expression, 

RJBrl  cells  are  ER-  and  Her2+.  Her2 
protein  expression  was  confirmed  by  in  situ 
immunohisto  chemistry. 


To  address  the  question  of  whether  a  particular  subpopulation  of  cells  within  the  parental  cells  are  responsible 
for  brain  metastatic  growth  and  therefore  specifically  suited  for  therapeutic  targeting,  we  isolated 
subpopulations  of  RJBrl  cells  from  brain  metastatic  lesions  grown  in  the  mouse  model.  Current  concepts  hold 
cancer  cells  with  a  stem-like  phenotype  responsible  for  tumor  and  metastasis  initiating  capabilities  (1 1 ).  One  of 
the  currently  used  ‘markers’  is  expression  of  adhehyde  dehydrogenase  1 ,  ALDH1 ,  to  identify  a  cancer  cell 
subpopulation  with  a  stem-like  phenotype  (12).  This  was  especially  shown  for  cancers  of  the  breast,  lung, 
colon,  and  prostate  (13-16).  We  therefore  analyzed  ALDH  expression  in  RJBrl  cells  based  on  the  Aldefluor 
assay  (17).  Figure  3  shows  that  RJBrl  cells  from  brain  metastatic  lesions  grown  in  the  mouse  brain  contain  an 
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Aldefluor  positive  and  a  negative  subpopulation.  This  was  confirmed  by  immunohhistochemistry  in  brain 
metastatic  lesions.  After  sorting  the  cells  apart  by  flow  cytometry  and  based  on  Aldefluor  activity,  two  distinct 
cell  subpolations  were  confirmed  based  on  ALDH1  gene  expression.  To  assess  whether  the  ALDH1  positive 
subpopulation  was  associated  with  expression  of  markers  currently  assigned  to  a  stem-like  breast  cancer  cell 
population,  we  analyzed  CD133  expression  in  both  ALDH1  positive  and  negative  subpopulations  (18).  As 
shown  in  Figure  4,  CD133  segregates  with  ALDH1  expression,  indicating  that  the  ALDH1  positive  cells  indeed 
express  additional  markers  of  sternness. 


250K  - 
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Figure  3.  Brain  metastatic  lesions  from 
RJBrl  implants  contain  ALDH  positive  and 
negative  subpopulations. 

Left:  Brain  lesion  derived  human  breast 
cancer  cells  were  analyzed  by  the  Aldefluor 
assay  and  flow  cytometry,  showing  Aldefluor 
positive  and  negative  cells.  Addition  of  DEAB, 
an  inhibitor  of  adehyde  dehydrogenase 
activity,  identifies  the  region  in  which  the 
ALDH  negative  population  can  be  identified. 
Right  top:  immunohistochemisty  analysis  of 
brain  metastatic  lesion  growth  in  the  SCID 
mouse  brain.  H&E  staining.  The  lesion 
appears  light  blue,  and  ALDH1  positive  cells 
within  the  lesion  are  identified  by  specific 
antibody  staining  (brown).  Right  bottom: 
ALDH1A1  gene  expression  by  in  the  ALDH1 
positive  and  ALDH1  negative  subpopulations 
sorted  from  the  brain  lesions. 
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Figure  4.  Stem-like  marker  expression  in  ALDH1 
positive  and  ALDH1  negative  subpopulations  of  RJBrl 
brain  metastatic  lesions. 

CD133  was  used  as  a  putative  marker  whose  expression 
has  been  associated  with  a  stem  like  cancer  cells 
subpopulation.  Expression  of  ALDH1  positive  and  ALDH1 
negative  populations  from  RJBrl  brain  lesions  after  flow 
cytometry  sorting  based  on  the  Aldefluor  assay.  ALDH1 
and  CD133  gene  expression  by  PCR  (number  of  cycles 
indidated  above  each  lane). 


Having  identified  breast  cancer  cell  subpopulation  in  xenograft  brain  metastatic  lesions  of  RJBrl  cells,  we  next 
asked  if  the  subpopulation  with  the  stem  cell  marker  phenotype  was  primarily  responsible  for  intracranial 
growth.  To  address  this  question,  ALDH1  +  cells  versus  ALDH-  cells  were  implanted  into  the  SCID  mouse  brain 
at  different  cell  numbers,  and  brain  metastatic  growth  was  monitored  by  non-invasive  bioluminescence 
imaging.  Figure  5  shows  that,  surprisingly,  the  ALDH1  negative  breast  cancer  cell  subpopulation  grew  much 
more  efficiently  and  faster  than  the  ALDH  positive  subpopulation.  This  was  confirmed  by  analyzing  the 
histology  of  the  affected  mouse  brains  (Figure  6).  This  analysis  also  showed  that  in  most  experimental  mice, 
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the  ALDH1  positive  cell  population  actually  perished  and  never  formed  an  implant  lesion.  This  finding  was 
confirmed  by  quantifying  a  proliferation  dependent  antigen  (Ki67)  whose  expression  indicates  the  presence  of 
cells  actively  moving  through  the  cell  cycle  (Figure  7). 
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Figure  5.  Brain  metastatic  growth  of 
ALDH  positive  and  ALDH  negative 
subpopulations. 

Left:  RJBR1  cells  from  brain  metastatic 
lesions  were  sorted  by  flow  cytometry  for 
ALDH  positive  (yellow)  versus  negative 
populations  (orange)  (blue  intermediate 
population  was  not  used).  Right:  Then, 

500  cells  of  each  population  per  mouse 
were  implanted  into  the  brains  of  SCID 
mice  and  lesion  growth  followed  by  non- 
invasive  bioluminescence  imaging  over 
time  (x-axis  in  the  graph  denotes  days  after 
implant,  y-axis  denotes  intracranial  growth 
signal  by  the  tumor  cells  in 


anti-ALDHI 


ALDH+ 
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Figure  6.  Intracranial  growth  of  ALDH  +  versus  ALDH 
RJBR1  cells  in  the  SCID  mouse  brain. 

Histological  analysis  of  brain  lesions  60  days  after 
implanting  500  tumor  cells  of  each  subpopulation.  Each 
image  represents  one  mouse  brain.  Top:  Most  brains 
showed  no  lesion  growth,  the  brain  on  the  left  shows  a 
small  ALDH1  positive  lesion  at  the  implant  site,  indicating 
survival  of  some  of  the  tumor  cells.  Bottom:  Large  lesions 
60  days  after  implanting  ALDH  negative  cells  from.  The 
brain  in  the  left  panel  indicates  a  small  portion  of  ALDH1 
positive  cells. 


ALDH-  ALDH+ 
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Figure  7.  ALDH1  positive  versus  negative 
expression  is  maintained  in  advanced 
brain  metastatic  lesions,  and  ALDH1 
negativity  is  associated  with  enhanced 
breast  cancer  cell  proliferation  in  the 
brain. 

Brain  metastatic  lesions  were  analyzed  60 
days  after  implanting  500  ALDH1  positive 
versus  negative  RJBR1  cells  into  the  SCID 
mouse  brain.  Tunel  staining  revealed  that 
both  lesion  types  do  not  contain  appreacible 
numbers  of  apoptotic  cells.  Ki67  staining 
revealed  that  ALDH  1  negative  lesions  clearly 
contain  more  cells  actively  undergoing  cell 
cycle  progression. 
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Our  findings  indicate  that  breast  cancer  brain  metastatic  growth  does  not  depend  on  the  presence  of  cells  that 
display  markers  associated  with  a  cancer  stem  like  phenotype.  In  fact,  the  breast  cancer  cell  subpopulation 
expressing  stem  like  markers  was  explicitly  unable  to  form  intracranial  lesions,  whereas  the  stem  marker 
negative  cells  were  responsible  for  lesion  formation.  This  is  an  unexpected  finding  and  goes  against  current 
dogma  that  a  stem-like  subpopulation  of  breast  cancer  cells  are  the  metastasis  initiating  cells  (13). 


Ongoing  and  future  activities  based  on  these  findings: 

Importantly,  our  identification  of  distinct  brain  metastatic  cell  subpopulations,  expressing  either  a  brain  lesion 
promoting  or  a  non-promoting  phenotype  in  the  mouse  model,  allows  us  to  compare  these  cells  based  on  their 
gene  expression  profiles  and  functional  behavior.  We  have  performed  gene  expression  array  analyses  and  the 
results  will  be  used  to  interrogate  the  presence  of  functional  treats  that  may  be  responsible  for  breast  cancer 
brain  metastatic  growth.  Importantly,  findings  from  these  analyses  will  also  allow  us  to  define  new  functional 
targets  for  therapeutic  inhibition  of  breast  cancer  brain  metastasis. 

Combining  this  knowledge  with  our  new  information  that  microglial  cells  might  be  potential  executors  of 
therapeutic  strategies,  either  on  their  own  account  or  after  specific  harnessing,  provides  unique  new 
information  for  downstream  development  of  improved  therapeutic  approaches  against  breast  cancer  brain 
metastasis.  Even  though  a  distinct  reactivity  of  astrocytes  to  incoming  and  expanding  brain  metastatic  breast 
cancer  cells  was  appreciated  as  well,  microglial  cells  are  of  particular  interest  in  the  context  of  identifying 
putative  therapy  carrier  host  cell  types.  The  main  reason  for  this  is  that  microglial  cells  originate  in  the  bone 
marrow  and  might  be  accessible  in  the  clinic  for  preparing  or  harnessing  of  therapeutic  host  cells  for  each 
individual  patient. 

A  second  set  of  investigations  was  dedicated  to  a  functional  target  that  we  had  previously  identified  and 
functionally  validated:  the  activated  conformer  of  breast  cancer  cell  integrin  avp3  expressed  by  brain 
metastatic  cells. 


Validation  of  activated  integrin  avB3  as  a  promising  target  forscFv  therapy 

In  preparation  for  the  demanding  task  of  developing  a  neural  progenitor  delivered  scFv  therapy  against  breast 
cancer  brain  metastases,  we  have  established  clinically  relevant  therapeutic  activity  of  the  scFv  antibodies 
directed  against  the  high  affinity  form  of  integrin  avp3.  The  results  from  this  part  of  the  study  have  now  been 
published. 

Targeting  activated  integrin  avf)3  with  patient-derived  antibodies  impacts  late-stage  multiorgan 
Metastasis 

Staflin  K,  Krueger  JS,  Hachmann  J,  Forsyth  JS,  Lorger  M,  Steiniger  SC,  Pop  C,  Salvesen  G,  Janda  KD,  Felding-Habermann  B 
2010  Clinical  and  Experimental  Metastasis  27(4):  217-231 


Advanced  metastatic  disease  is  difficult  to  manage  and  specific  therapeutic  targets  are  rare.  We  showed 
earlier  that  metastatic  breast  cancer  cells  use  the  activated  conformer  of  adhesion  receptor  integrin  avp3  for 
dissemination.  We  now  investigated  if  targeting  this  form  of  the  receptor  can  impact  advanced  metastatic 
disease,  and  we  analyzed  the  mechanisms  involved.  Treatment  of  advanced  multi-organ  metastasis  in  SCID 
mice  with  patient-derived  scFv  antibodies  specific  for  activated  integrin  avp3  caused  stagnation  and  regression 
of  metastatic  growth.  The  antibodies  specifically  localized  to  tumor  lesions  in  vivo  and  inhibited  avp3  ligand 
binding  at  nanomolar  levels  in  vitro.  At  the  cellular  level,  the  scFs  associated  rapidly  with  high  affinity  avp3  and 
dissociated  extremely  slowly.  Thus,  the  scFvs  occupy  the  receptor  on  metastatic  tumor  cells  for  prolonged 
periods  of  time,  allowing  for  inhibition  of  established  cell  interaction  with  natural  avp3  ligands.  Potential 
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apoptosis  inducing  effects  of  the  antibodies  through  interaction  with  caspase-3  were  studied  as  potential 
additional  mechanism  of  treatment  response.  However,  in  contrast  to  a  previous  concept,  neither  the  RGD- 
containing  ligand  mimetic  scFvs  nor  RGD  peptides  bound  or  activated  caspase-3  at  the  cellular  or  molecular 
level.  This  indicates  that  the  treatment  effects  seen  in  the  animal  model  are  primarily  due  to  antibody 
interference  with  avp3  ligation.  Inhibition  of  advanced  metastatic  disease  by  treatment  with  cancer  patient 
derived  single  chain  antibodies  against  the  activated  conformer  of  integrin  avp3  identifies  this  form  of  the 
receptor  as  a  suitable  target  for  therapy. 


Key  Research  Accomplishments 

•  We  developed  new  models  of  human  breast  cancer  brain  metastasis  and  animal  models  that  emulate 
all  stages  of  brain  metastasis  in  breast  cancer 

•  We  investigated  the  characteristics  and  marker  expression  of  subpopulations  of  these  truly  brain 
metastasis  derived  breast  cancer  cells.  Our  results  indicate  that  currently  used  putative  markers  for 
stem-like  breast  cancer  cells  are  NOT  associated  with  the  cell  population  that  exhibits  the  most 
aggressive  brain  metastatic  growth. 

•  Gene  array  profiling  analysis  of  the  stem-like  (poorly  growing)  subpopulation  versus  the  non-stem-like 
(fast  and  efficiently  growing)  subpopulation  will  reveal  a  basis  for  the  understanding  of  growth 
regulation  within  the  brain  microenvironment,  and  possibly  identify  new  functional  targets  for 
therapeutic  inhibition. 

•  We  identified  initial  and  persisting  host  cell  responses  to  invading  breast  cancer  cells  within  the  brain 
tissue 

•  Among  the  earliest  and  persisting  host  cell  responses  are  microglial  localization  and  activation  in  the 
immediate  vicinity  of  incoming  and  expanding  breast  cancer  brain  metastatic  cells 

•  With  these  findings,  we  identified  microglial  cells  and  potentially  their  precursor  cells  as  possible 
alternative  host  cells  to  neural  stem  cells  for  delivery  of  therapeutic  molecules  to  early  as  well  as 
widespread  breast  cancer  brain  metastases. 

•  As  microglial  precursors  originate  in  the  bone  marrow  and,  as  we  document,  actively  seek  out  even 
individual  brain  metastatic  breast  cancer  cells,  these  microglial  cells  can  be  superior  host  cells  for 
inhibition  of  breast  cancer  brain  metastasis,  as  neural  stem  cells  are  difficult  to  access  and  potentially 
manipulate  for  therapeutic  use. 


Reportable  Outcomes 


List  of  publications  with  POD  grant  W81XWH-01 -1-0468 

Lorger  M,  Felding-Habermann  B  (2010)  Capturing  changes  in  the  brain  microenvironment  during  initial  steps 
of  brain  metastasis.  Am  J  Pathol  176  (6):  2958-2971 

Staflin  K,  Krueger  JS,  Hachmann  J,  Forsyth  JS,  Lorger  M,  Steininger  SC,  Pop  C,  Salvesen  G,  Janda  KD, 
Felding-Habermann  B  (2010)  Targeting  activated  integrin  avp3  with  patient-derived  antibodies  impacts  late- 
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state  multiorgan  metastasis.  Clinical  and  Experimental  Metastasis  27  (4):21 7-231 


Symposium  Abstracts  and  Lectures  associated  with  POD  grant  W81XWH-01 -1-0468 
Lorger  M.  and  Felding-Habermann  B.  (2010)  Interactions  between  breast  cancer  brain  metastasis  and  their 
microenvironment.  Joint  Metastasis  Research  Society-AACR  Conference:  Metastasis  and  the  Tumor 
Microenvironment,  Philadelphia,  PA,  September  12-15  2010 

Staflin  K,  F  ogal  V,  Fer  nandez-Santidrian  A,  R  uoslahti  E,  Felding-Habermann  B  (2010)  The  r  ole  of  p32  in 
breast  cancer  brain  metastasis.  AACR  2010  Annual  Conference,  Washington  DC  17-21  April  2010 


Invited  oral  presentations  given  by  B.  Felding-Habermann  associated  with  POD  grant  W81XWH-01  -1 -0468 

Lurie  Comprehensive  Cancer  Center,  Northwestern  University,  Chicago,  Feb  25-26,  2010 
Mechanisms  and  inhibition  of  breast  cancer  brain  metastasis 

California  Breast  Cancer  Symposium,  Oakland,  Sept  24-25,  2010 

New  Approaches  for  Targeting  Breast  Cancer  Brain  Metastases 


Disclosures  associated  with  POD  grant  W81XWH-01 -1-0468 

Felding-Habermann  B,  O’Sullivan  D,  Lorger  M  2010  “Novel  Cell  Models  of  Breast  Cancer  Brain  Metastasis” 
(Disclosure) 


List  of  community  presentations  by  B.  Felding-Habermann  with  POD  grant  W81XWH-01 -1-0468 

2010  “Targeting  Breast  Cancer  Brain  Metastasis”  Presentation  at  the  Breast  Cancer  Golf  Tournament  for  the 
Cure.  Lomas  Santa  Fe  Country  Club  (Solana  Beach,  CA) 

2010  Teaching  activity  for  Project  LEAD,  the  National  Breast  Cancer  Coalition’s  premier  science 

training  program  for  activists,  that  has  created  a  revolution  in  the  world  of  breast  cancer  research  and 
public  policy  (La  Jolla,  CA) 


Conclusion 


The  goal  of  this  study  is  to  develop  a  new  therapeutic  approach  for  clinical  inhibition  of  breast  cancer  brain 
metastasis.  Our  work  to  date  has  identified  a  new  molecular  target  for  treatment  of  metastatic  brain  disease  in 
breast  cancer  patients  and  provided  antibody  tools  that  successfully  interrupt  breast  cancer  metastasis  in  a 
mouse  model.  Systemic  application  of  the  antibodies  does  not  sufficiently  reach  brain  lesions  to  interfere  with 
their  development  and  progression.  Delivery  strategies  are  being  developed  to  bring  therapeutic  antibodies  or 
their  fragments  to  brain  metastatic  lesions  and  inhibit  their  proliferation. 

We  have  established  and  validated  unique  new  breast  cancer  brain  metastasis  cell  models  and  adapted 
mouse  models  to  emulate  all  steps  of  human  breast  cancer  brain  metastasis  development  and  invasive 
progression.  These  models  are  essential  new  tools  for  the  evaluation  of  successful  new  therapies  against 
widespread  metastatic  brain  disease  as  seen  in  breast  cancer  patients.  During  the  last  funding  period,  we  have 
thoroughly  investigated  one  of  the  new  brain  metastatic  breast  cancer  cell  models.  We  have  determined 
subpopulations  of  these  cells  and  investigated  if  cells  with  a  putative  stem-like  marker  profile  are  responsible 
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for  the  initiation  of  brain  lesions  and  successful  intracranial  metastasis  growth.  Contrary  to  current  believe,  we 
found  that  the  cells  with  the  putative  stem-like  marker  profile  are  NOT  responsible  for  highly  efficient  brain 
metastatic  growth.  This  finding  calls  into  question  approaches  that  are  attempting  to  target  the  putative  stem 
cell  marker  molecules  and,  if  known,  their  functions.  Therefore,  our  results  are  valuable  for  a  new  outlook 
regarding  guidance  to  identify  potential  new  targets  specifically  for  therapeutic  inhibition  of  brain  metastasis  in 
breast  cancer. 

By  investigating  the  earliest  as  well  as  later  steps  of  breast  cancer  brain  metastasis,  and  by  specifically 
analyzing  host  cell  types  that  react  to  the  arrival  and  expansion  of  the  tumor  cells  within  the  brain 
microenvironment,  we  identified  a  new  promising  host  cell  type  that  might  be  amenable  to  carrying  therapeutic 
regimens  to  developing  brain  metastases.  These  cells  are  the  microglial  cells  of  the  brain.  The  microglial  cells 
are  potential  new  host  cell  types  for  therapy  delivery  as  they  originate  outside  the  brain  in  the  bone  marrow. 
Once  the  microglial  precursor  cells  enter  the  brain  from  the  blood  stream,  they  specialize  within  the  brain 
microenvironment  and  assume  macrophage  like  functions.  This  finding  is  highly  relevant  and  could  have  broad 
clinical  significance.  Microglial  precursor  cells  could  be  superior  to  neural  stem  cells  as  potential  therapeutic 
host  cell  types  for  two  major  reasons:  even  though  neural  stem  cells  are  highly  efficient  in  seeking  even 
widespread  metastatic  cells  within  the  brain  and  central  nervous  system,  we  had  difficulties  to  efficiently 
express  therapeutic  antibody  fragments  in  these  cells.  Microglial  cells  can  be  a  superior  alternative.  The 
precursors  of  microglial  cells,  originate  in  the  bone  marrow  and  are  therefore  more  easily  accessible  than 
neural  stem  cells.  For  optimum  compatibility,  microglial  precursors  could  be  isolated  from  each  individual 
patient  and  used  for  efficient  targeting  of  each  individual  patient’s  own  tumor  burden  in  the  brain. 

With  these  advances,  we  have  made  tangible  progress  toward  new  treatment  options  for  breast  cancer 
patients  with  cerebral  metastasis. 
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Tumorigenesis  and  Neoplastic  Progression 


Capturing  Changes  in  the  Brain  Microenvironment 
during  Initial  Steps  of  Breast  Cancer  Brain 
Metastasis 


Mihaela  Lorger  and  Brunhilde  Felding-Habermann 
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Brain  metastases  are  difficult  to  treat  and  mostly  de¬ 
velop  late  during  progressive  metastatic  disease.  Pa¬ 
tients  at  risk  would  benefit  from  the  development  of 
prevention  and  improved  treatments.  This  requires 
knowledge  of  the  initial  events  that  lead  to  brain 
metastasis.  The  present  study  reveals  cellular  events 
during  the  initiation  of  brain  metastasis  by  breast 
cancer  cells  and  documents  the  earliest  host  re¬ 
sponses  to  incoming  cancer  cells  after  carotid  artery 
injection  in  immunodeficient  and  immunocompetent 
mouse  models.  Our  findings  capture  and  chara¬ 
cterize  heterogeneous  astrocytic  and  microglial  reac¬ 
tions  to  the  arrest  and  extravasation  of  cancer  cells  in 
the  brain,  showing  immediate  and  drastic  changes  in 
the  brain  microenvironment  on  arrival  of  individual 
cancer  cells.  We  identified  reactive  astrocytes  as  the 
most  active  host  cell  population  that  immediately  lo¬ 
calizes  to  individual  invading  tumor  cells  and  contin¬ 
uously  associates  with  growing  metastatic  lesions.  Up- 
regulation  of  matrix  metalloproteinase-9  associated 
with  astrocyte  activation  in  the  immediate  vicinity  of 
extravasating  cancer  cells  might  support  their  pro¬ 
gression.  Early  involvement  of  different  host  cell 
types  indicates  environmental  clues  that  might  code¬ 
termine  whether  a  single  cancer  cell  progresses  to 
macrometastasis  or  remains  dormant.  Thus ,  informa¬ 
tion  on  the  initial  interplay  between  brain  homing 
tumor  cells  and  reactive  host  cells  may  help  develop 
strategies  for  prevention  and  treatment  of  symptom¬ 
atic  breast  cancer  brain  metastases.  (Am  j  Pathol  2010, 
176:000-000;  DOI:  10.2353/ajpath.201 0.090838) 

Brain  metastases  are  diagnosed  in  10  to  40%  of  all  can¬ 
cer  patients,  and  the  incidence  is  rising  as  patients  live 
longer  due  to  improved  treatments  for  extracranial  me¬ 
tastases.1'2  Brain  lesions  are  most  frequently  associated 


with  lung  cancer,  breast  cancer,  and  melanoma.1,2  Un¬ 
fortunately,  brain  metastases  are  still  very  difficult  to  treat 
and  the  mechanisms  underlying  their  establishment  and 
progression  are  poorly  understood.  Thus,  information  in 
this  direction  and  models  for  analysis  are  a  prerequisite 
for  the  development  of  new,  efficient  therapies. 

The  essential  role  of  the  tumor  microenvironment  in 
cancer  progression  has  been  well  documented  for  ex¬ 
tracranial  malignancies,  and  recent  findings  indicate  that 
the  tumor  microenvironment  might  be  a  suitable  target  in 
anticancer  therapies,  as  well  as  a  valuable  biomarker  for 
prognostic  purposes.3-5  The  brain  provides  a  unique 
environment  with  paracrine  growth  factors  that  differ  from 
most  other  organs6,7  The  involvement  of  brain-resident 
cells  including  brain  endothelial  cells,  microglia,  and  as¬ 
trocytes  in  the  pathology  of  primary  and  metastatic  brain 
tumors  is  only  partially  understood.  Brain  endothelial  cells 
are  the  first  host  cell  type  that  circulating  cancer  cells 
encounter  when  they  arrest  within  the  brain  microvascu¬ 
lature.  In  addition  to  posing  the  initial  barrier  for  brain 
invasion,  endothelial  cells  and  their  basement  membrane 
seem  to  play  important  roles  in  supporting  the  growth  of 
brain  metastases  as  well  as  brain  tumor  stem  cells.8-10 
So  far,  only  a  few  studies  documented  cancer  cell  arrest 
and  extravasation  in  the  brain  in  wVo11-13.  Once  incoming 
cancer  cells  begin  to  infiltrate  the  brain  tissue,  they  en¬ 
counter  a  number  of  host  cell  types  that  may  respond  to 
their  arrival.  Microglia  constitute  the  tissue  macrophages 
of  the  central  nervous  system  and  are  the  main  respond- 
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ers  to  primary  brain  tumors.  Activated  microglia  can  be 
frequently  found  in  the  vicinity  of  brain  lesions,14-18  and 
the  inhibition  of  microglial  activation  has  been  shown  to 
significantly  reduce  glioma  proliferation.14  Microglia  se¬ 
crete  multiple  cytokines,  growth  factors,  and  enzymes 
that  can  directly  or  indirectly  lead  to  immunosuppression, 
angiogenesis,  tumor  proliferation,  and  invasion.15,17,19,20 
In  contrast  to  these  cancer  promoting  effects,  however, 
microglia  has  also  been  reported  to  elicit  cytotoxicity 
toward  lung  cancer  brain  metastases.21  Thus,  micro¬ 
glial  cells  seem  to  play  diverse  roles  in  cancer  progres¬ 
sion,  which  might  be  related  to  their  heterogeneity  and 
distinct  stages  of  activation.  In  addition  to  microglia, 
reactive  astrocytes  have  been  frequently  observed  in 
the  vicinity  of  primary  and  metastatic  brain  tumors  in 
animal  models  as  well  as  in  human  patients. 6,15,22  As¬ 
trocytes  were  shown  to  support  brain  tumor  growth  by 
secretion  of  cytokines,  heparanase,  and  neurotrophic 
factors  such  as  transforming  growth  factor-a,  Stromal 
cell-derived  factor  1  (SDF-1)  Sphingosin-1  phosphate, 
and  Glial  cell  line-derived  neurotrophic  factor.17,23-25 
Furthermore,  an  immortalized  astrocyte  cell  line  has 
been  recently  shown  to  promote  cell  division  and  sur¬ 
vival  in  lung  adenocarcinoma  cells  in  vitro.26 

Although  the  microenvironment  of  established  brain 
tumors  has  been  intensively  studied,  the  induction  of 
changes  in  the  brain  during  the  initial  steps  of  cancer  cell 
invasion  from  the  bloodstream  has  not  been  described 
previously.  This  is  probably  due  to  challenges  in  the 
establishment  of  specialized  animal  models  and  tech¬ 
niques  that  allow  efficient  and  detailed  analysis  of  these 
early  time  points.  However,  an  understanding  of  early 
events  in  particular  is  essential  for  the  development  of 
preventive  therapies,  which  are  urgently  needed.  Breast 
cancer  brain  metastases  are  thought  to  develop  at  a  late 
stage  of  progressive  metastatic  disease  and  ultimately 
fail  to  respond  to  treatment.  Therefore,  effective  therapies 
for  prevention  could  be  lifesaving  for  patients  who  are  at 
risk  for  developing  brain  lesions. 

In  the  present  study,  we  analyzed  the  brain  microen¬ 
vironment  during  the  initiation  of  hematogenous  breast 
cancer  brain  metastasis,  using  animal  models  that  al¬ 
lowed  us  to  capture  the  involvement  of  different  brain- 
resident  cells  in  this  process.  We  found  that  cancer  cells 
extravasated  exclusively  from  capillaries.  In  some  cell 
lines,  this  step  preceded  their  proliferation  and  establish¬ 
ment  of  metastatic  foci,  whereas  other  cell  lines  began  to 
proliferate  within  the  brain  microvasculature.  However, 
the  timing  between  tumor  cell  arrest  and  extravasation 
was  always  the  same  and  required  several  days.  Thus, 
survival  of  arrested  cancer  cells  within  brain  capillaries 
might  be  a  rate-limiting  step  in  metastatic  progression. 
This  might  be  true  specifically  for  the  brain,  because 
cancer  cell  penetration  of  the  vessel  wall  in  the  brain  is 
much  slower  than  in  other  organs.13,27  Strikingly,  arrest  of 
individual  tumor  cells  in  brain  capillaries  induced  diverse 
astrocytic  and  microglial  responses,  even  before  the  tu¬ 
mor  cells  extravasated.  These  responses  resulted  in  het¬ 
erogeneous  local  changes  of  the  initial  tumor  microenviron¬ 
ment.  We  speculate  that  these  changes  might  influence  the 
fate  of  individual  cancer  cells,  promoting  or  restricting  their 


progression  into  macrometastases.  In  the  future,  our 
models  should  enable  detailed  in  vivo  analyses  of  these 
early  interactions  and  contribute  to  the  development  of 
preventive  therapeutic  approaches  that  target  early  host 
responses  within  the  brain  microenvironment.  Such  strat¬ 
egies  may  hold  particular  promise  because  cancer  cells 
may  constantly  change  their  phenotype  due  to  genetic 
instability,  in  contrast  to  the  more  stable  host  microenvi¬ 
ronment.  Thus,  microenvironment-based  therapies  might 
find  broader  application  for  different  cancer  types  and 
affect  different  stages  of  progression. 


Materials  and  Methods 

In  Vivo  Mouse  Models,  Bioluminescence 
Imaging,  and  Tissue  Preparation 

MDA-MB-435,  MDA-MB-231,  MDA-MB-231/brain  28  4T1, 
and  MCF-7  cells  were  grown  in  Eagle’s  minimum  essen¬ 
tial  medium  supplemented  with  nonessential  amino  ac¬ 
ids,  vitamin  mix,  L-glutamin,  pyruvate,  and  10%  serum. 
4T1  cells  were  stably  transduced  with  lentiviral  green 
fluorescent  protein  (GFP)-expressing  vector  to  enable 
their  detection  by  immunofluorescence.  For  in  vivo  imag¬ 
ing,  all  tumor  cell  lines  were  stably  transduced  with  Firefly 
luciferase  (F-luc)  in  a  lentiviral  construct.29  F-luc-tagged 
cancer  cells  ( 1 04,  2  x  1 04,  and/or  105)  were  injected  into 
the  left  internal  carotid  artery  of  female  BALB/c  mice  (4T 1 
cells)  or  CB17/SCID  mice  (all  other  cell  lines)  in  Eagle’s 
minimum  essential  medium  without  supplements  in  a  total 
volume  of  50  fi\.  For  surgery,  mice  were  anesthesized 
with  isofluorane.  To  detect  hypoxia,  Hypoxyprobe  (Natu¬ 
ral  Pharmaceuticals  Inc.,  Burlington,  MA)  (150  of  10 
mg/ml  i.p.)  was  injected  into  the  animals  45  minutes 
before  tissue  harvest.  The  surgery  protocol  and  all  animal 
work  were  approved  by  the  institutional  animal  care  and 
use  committee  (American  Association  for  the  Accredita¬ 
tion  of  Laboratory  Animal  Care  accredited). 

Tumor  cell  arrest  and  growth  within  the  brain  tissue 
were  monitored  by  repeated  noninvasive  biolumines¬ 
cence  imaging  using  an  IVIS  200  system  (Xenogen,  Al¬ 
ameda,  CA)  after  luciferin  injection  (i.p.).  On  day  1,  2,  3, 
5,  7, 1 0,  and  50  to  70  posttumor  cell  injection,  brain  tissue 
was  harvested  after  perfusing  deeply  anesthesized  ani¬ 
mals  with  20  ml  of  0.9%  NaCI,  followed  by  20  ml  of  4% 
paraformaldehyde  in  PBS.  Isolated  brain  tissue  was  post- 
fixed  in  4%  paraformaldehyde  for  4  to  8  hours  at  4°C, 
then  incubated  in  25%  sucrose/0.1  M  sodium  phosphate 
buffer  at  4°C  overnight,  and  snap-frozen  on  dry  ice. 
Brains  were  cut  entirely  into  30-^m  cryosections,  col¬ 
lected  in  Walter’s  antifreeze  (30%  (v/v)  ethylenglycol, 
30%  (v/v)  glycerol,  and  0.5  M  phosphate  buffer)  and 
stored  at  -20°C. 

Immunohistochemistry  and  Immunofluorescence 

Before  staining,  floating  sections  were  washed  three 
times  in  PBS,  treated  with  3%  H2O2/10%  methanol  in  PBS 
for  15  minutes,  blocked  in  10%  goat  serum/0.3%  Triton 
X-100  in  PBS  for  1  hour,  and  incubated  with  primary 
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antibody  (Ab)  overnight,  followed  by  incubation  with  sec¬ 
ondary  horseradish  peroxidase-,  alkaline  phosphatase-, 
or  biotin-conjugated  Abs  (Jackson  ImmunoResearch 
Laboratories,  West  Grove,  PA  and  Vector  Laboratories, 
Burlingame,  CA)  for  2  hours.  For  double  and  triple  stain¬ 
ing,  sections  were  incubated  sequentially  with  one  Ab  at 
a  time.  Different  horseradish  peroxidase  substrates  (dia- 
minobenzidine;  BD  Pharmingen  or  Vector-SG,  Vector 
Laboratories)  and  alkaline  phosphatase  substrate  (Vec¬ 
tor-Red;  Vector  Laboratories)  were  used  to  visualize  the 
antigens.  Signal  from  biotinylated  Abs  was  amplified  us¬ 
ing  an  avidin-biotin  complex  kit  (Vector  Laboratories). 
After  transferring  the  sections  onto  glass  slides,  nuclei 
were  stained  with  Contrast  Green  (Kirkegaard  &  Perry 
Laboratories,  Gaithersburg,  MD),  and  the  slides  were 
washed  with  isopropanol  and  briefly  incubated  in  Safe- 
Clear  II  (Fisher  Scientific,  Pittsburgh,  PA)  before  mount¬ 
ing  in  Permount  (Fisher  Scientific). 

For  immunofluorescence,  secondary  Abs  conjugated 
with  Alexa  488,  Alexa  549,  allophycocyanin  (APC)  (In- 
vitrogen,  Carlsbad,  CA),  tetramethylrhodamine  isothio¬ 
cyanate,  or  fluorescein  isothiocyanate  (Jackson  Immu¬ 
noResearch  Laboratories)  were  used,  nuclei  visualized 
with  4',6'-diamidino-2-phenylindole,  and  the  slides  were 
mounted  in  Gel  Mount  (Biomeda,  Foster  City,  CA). 

Primary  Abs  used  were  anti-CD34  (Abeam,  Cambridge, 
MA),  anti-mouse-CD31  (BD  Pharmingen),  anti-human  CD44 
(monocloncal  Ab  (mAb)  29. 7), 30  anti-glial  fibrillar  acidic  pro¬ 
tein  (GFAP)  (Promega,  Madison,  Wl),  anti-mouse  Nestin 
mAb  353  (Chemicon  International,  Temecula,  CA),  anti¬ 
matrix  metalloproteinase  (MMP)-9  (Ab-7,  Oncogene  Re¬ 
search  Products,  San  Diego,  CA),  anti-SDF-1  (Santa  Cruz 
Biotechnology),  anti-Ki-67  (BD  Pharmingen),  anti-smooth 
muscle  actin  (Sigma-Aldrich,  St.  Louis,  MO),  anti-F4/80 
(Cederlane  Laboratories,  Flornby,  Ontario,  Canada),  anti¬ 
platelet-derived  growth  factor  receptor  0  (eBioscience, 
San  Diego,  CA),  anti-human  vimentin  (DakoCytomation, 
Fort  Collins,  CO),  anti-GFP  (Chemicon  International), 
anti-mouse  GPIba  (Emfret  Analytics,  Eibelstadt,  Ger¬ 
many),  anti-Flypoxyprobe  (Natural  Pharmaceuticals 
Inc.,  Burlington,  MA),  and  anti-fibrin  (murine  hybridoma 
FIB8545;  American  Type  Culture  Collection).  BS-1  lec¬ 
tin  was  from  Sigma-Aldrich.  The  TACS  TdT  kit  (R&D 
Systems,  Minneapolis,  MN)  was  used  for  terminal  de- 
oxynucleotidyl  transferase-mediated  dUTP  nick-end  la¬ 
beling  staining. 

Images  were  acquired  with  a  Zeiss  Axio  Imager  Mlm 
microscope  equipped  with  a  digital  camera,  using  X10 
or  x20  air  objectives.  Digital  images  were  analyzed  using 
AxioVision  4.6  software  (Zeiss,  Oberkochen,  Germany). 
Confocal  images  were  acquired  with  an  Olympus  1X81 
microscope  equipped  with  UltraVIEW  VoX  Confocal  Im¬ 
aging  System  (PerkinElmer,  Wellesley,  MA),  using  a  X40 
water  immersion  objective.  Images  were  acquired  and 
analyzed  using  the  Velocity  software. 
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vimentin  (human  cell  lines)  and  costained  with  anti-CD31 
to  visualize  the  vascular  endothelium.  The  position  of  the 
tumor  cells  inside  or  outside  blood  vessels  was  deter¬ 
mined  for  each  detected  tumor  cell.  For  MDA-MB-435 
cells,  every  fourth  section  throughout  the  entire  brain  was 
analyzed.  At  each  time  point  (days  3,  5,  and  7),  n  =  4 
brains  were  examined.  On  day  3,  we  found  253,  130,  90, 
or  301  tumor  cells  per  brain,  respectively,  and  15,  16,  48, 
or  196  tumor  cells  on  day  5.  For  MDA-MB-231/brain  and 
4T1  cells,  60  randomly  chosen  events  in  each  of  two  to 
three  different  animals  were  examined  per  time  point.  The 
percentage  of  intravascular  versus  extravascular  tumor 
cells  was  calculated. 

The  gross  quantification  was  performed  using  images 
acquired  with  Zeiss  Axio  Imager  Mlm  microscope,  which 
allowed  for  quantification  of  a  large  number  of  events.  For 
a  subset  of  events,  the  localization  of  cancer  cells  inside 
or  outside  the  vasculature  was  confirmed  by  confocal 
microscopy. 

Quantification  of  Ki-67-Positive  Cells 

Tissue  was  costained  for  Ki-67  and  human  CD44  (MDA- 
MB-435)  or  human  vimentin  (MDA-MB-231/brain).  Every 
fourth  section  of  the  entire  brain  was  analyzed  in  two  to 
three  different  animals  30  to  50  days  postinjection.  The 
number  of  Ki-67-positive  and  -negative  cells  was  counted 
for  solitary  cancer  cells  and  for  metastatic  lesions  con¬ 
taining  >30  cells.  For  each  of  these  lesion  types,  the 
percentages  of  Ki-67-positive  cells  were  calculated.  SDs 
and  statistical  significance  were  determined  by  two-tailed 
Student’s  f-test. 

Quantification  of  Astrocyte  Association  with 
Cancer  Cells 

Three  days  after  injection  of  cancer  cells  into  the  carotid 
artery,  the  brain  tissue  was  stained  for  GFAP  to  detect 
astrocytes  and  costained  for  human  CD44(435),  human 
vimentin  (231/brain),  or  GFP  (4T1)  to  detect  the  cancer 
cells.  The  number  of  reactive  astrocytes  located  within  a 
distance  of  150  ju,m  from  the  cancer  cells  (cancer  cell 
associated)  and  the  number  of  reactive  astrocytes  in  the 
corresponding  area  of  the  nonafflicted  contralateral 
hemisphere  (normal  control)  was  counted  for  20  ran¬ 
domly  chosen  events  per  brain  in  two  to  three  animals  for 
each  cancer  cell  line.  SDs  and  statistical  significance 
were  determined  by  two-tailed  Student’s  f-test. 


Results 

Models  and  Kinetics  of  Initial  Cancer  Cell 
Colonization  of  the  Brain 


Quantification  of  Tumor  Cell  Extravasation 

To  detect  the  tumor  cells,  tissues  were  stained  with  anti- 
GFP  Ab  (4T1),  anti-human  CD44  (mAb  29.7),  or  human 


To  define  models  suitable  for  studying  the  earliest  steps 
of  cancer  cell  brain  colonization,  we  injected  five  different 
F-luc-tagged  breast  cancer  cell  lines  into  the  left  internal 
carotid  artery  of  female  immunodeficient  or  immunocom¬ 
petent  mice  and  followed  cancer  cell  distribution  and 
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Figure  1.  Brain  colonization  by  breast  cancer  cell 
lines  after  carotid  artery  injection  in  mice  monitored  by 
bioluminescence  imaging.  A:  Increase  of  biolumines¬ 
cence  signal  indicates  growth  of  F-/wc-tagged  MDA- 
MB-435  cells  shown  in  a  representative  animal  at  var¬ 
ious  time  points  after  injection  of  105  cancer  cells. 
B:  Survival  and  growth  of  F-/wc-tagged  MDA-MB-435, 
MDA-MB-231  parental,  MDA-MB-23 1/brain,  MCF-7 
(injected  into  immunosuppressed  CB17/SCID  mice), 
and  4T1  cells  (injected  into  immunocompetent  BALB/c 
mice)  after  injection  into  the  left  carotid  artery  followed 
over  time.  Only  live  cells  produce  signal.  Number  of 
injected  cells  as  indicated. 


growth  by  noninvasive  bioluminescence  imaging  (Figure 
1).  CB17/SCID  mice  were  used  to  analyze  human  tumor 
cells  and  BALB/c  mice  for  syngeneic  murine  4T1  breast 
cancer  cells.  Comparing  MDA-MB-435,  MDA-MB-231, 
MDA-MB-231/brain,28  MCF-7,  and  4T1  cells,  we  found 
that  all  five  cell  lines  were  detectable  within  the  brain  area 
15  minutes  postinjection.  Even  though  each  of  these  cell 
lines  initially  localized  to  the  brain  area,  only  MDA-MB- 
435,  MDA-MB-brain/brain,  and  4T1  cells  produced  per¬ 
sistent  and  increasing  signal  over  time,  whereas  MDA- 
MB-231  parental  and  MCF-7  signal  declined  and 
eventually  disappeared  (Figure  1,  A  and  B).  Immediately 
after  carotid  artery  injection  of  104  or  10s  MDA-MB-435 
cells,  strong  bioluminescence  signal  was  detected  in  the 
left  hemisphere  of  the  brain  and  the  signal  persisted 
without  major  change  in  intensity  through  days  5  to  7, 
before  it  increased  continuously  (Figure  1 ,  A  and  B).  Only 
live  cells  produce  signal,  indicating  that  the  majority  of 
the  initially  arrested  cancer  cells  remained  and  survived 


this  step.  Just  after  carotid  artery  injection  of  MDA-MB- 
435  cells,  a  weak  tumor  cell  signal  was  occasionally  seen 
in  the  lungs,  but  this  signal  disappeared  within  a  few  days 
and  never  reappeared  (data  not  shown).  The  signal  for 
MDA-MB-231/brain  cells  initially  decreased  slightly,  indi¬ 
cating  that  some  of  the  cancer  cells  were  eliminated. 
Between  days  5  and  10,  the  remaining  signal  then  began 
to  increase  continuously.  4T1  murine  breast  cancer  cells 
colonized  the  brain  much  more  aggressively  than  the  two 
human  cell  lines.  The  4T1  signal  started  to  increase  im¬ 
mediately  after  tumor  cell  injection  and  continued  to  in¬ 
crease  at  a  much  faster  rate  than  that  of  MDA-MB-435 
and  231/brain  cells. 

To  investigate  the  behavior  of  the  bioluminescence 
producing  tumor  cells  in  more  detail,  we  followed  individ¬ 
ual  cells  by  histology  on  days  3,  5,  and  7.  We  analyzed 
the  entire  brain  of  each  animal  by  immunohistochemistry 
at  each  of  these  time  points  (n  =  2-4  mice  per  time  and 
cell  type).  Fluman  tumor  cells  were  detected  using  two 
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independent  markers  (human  CD44  and  human  vimen- 
tin).  Murine  4T1  cells  were  identified  by  their  GFP  label 
via  anti-GFP  staining.  We  found  that  MDA-MB-231  pa¬ 
rental  cells  were  rapidly  cleared  from  the  circulation  of 
the  brain  parenchyma  and  were  undetectable  inside  or 
outside  the  vasculature  of  the  brain  tissue  on  days  3,  5, 
and  7  postinjection.  Residual  bioluminescence  signal  of 
MDA-MB-231  parental  cells  in  the  brain  area  seen 
through  day  5  (Figure  1)  was  likely  due  to  tumor  cells  in 
the  leptomeninges,  which  remained  attached  to  the  skull 
when  the  brains  were  removed  for  histology  at  these  early 
time  points.  In  contrast,  MDA-MB-435,  MDA-MB-231/ 
brain,  and  4T 1  cells  were  readily  detected  throughout  the 
brain  parenchyma  very  early  (eg,  days  1,  2,  3,  and  7)  as 
well  as  at  later  time  points.  After  10  to  50  days,  numerous 
macrometases  were  found  in  100%  of  the  animals  (n  = 
3-6/group)  after  injecting  104to  105  of  these  tumor  cells. 
4T1  cells  exhibited  the  most  rapid  growth  in  their  immu¬ 
nocompetent  hosts  and  produced  extensive  metastatic 
burden  already  after  10  days.  MDA-MB-435  and  brain 
homing  MDA-MB-231/brain  cells  were  previously  re¬ 
ported  to  produce  metastatic  lesions  in  the  brain  when 
administered  into  the  bloodstream,28,31  but  the  early  col¬ 
onization  steps  have  not  been  previously  investigated. 
MDA-MB-435  cells  are  aggressively  metastatic  breast 
cancer  cells  that  share  some  characteristics  with  mela¬ 
noma,32,33  another  tumor  type  that  frequently  causes 
brain  metastasis  in  patients.1  The  MDA-MB-231/brain  cell 
line  was  derived  from  MDA-MB-231  parental  breast  can¬ 
cer  cells  after  cardiac  injection  into  immunodeficient  mice 
and  six  cycles  of  isolating  brain  metastases  and  reinjec¬ 
tion  into  the  heart.28  Here,  we  demonstrated  that  MDA- 
MB-231/brain  cells,  as  well  as  MDA-MB-435  and  4T1 
cancer  cells,  are  suitable  models  for  studying  cancer  cell 
interaction  with  the  brain  microvasculature  even  at  the 
earliest  time  points,  for  following  the  ability  of  cancer  cells 
to  survive  and  grow  within  the  brain  tissue,  and  for  ana¬ 
lyzing  involved  host  cell  responses. 


Cancer  Cell  Extravasation,  Growth  in  the  Brain, 
and  Types  of  Blood  Vessels  Involved 

To  analyze  the  mode  and  timing  of  cancer  cell  extrav¬ 
asation,  their  initial  proliferation  in  the  brain  paren¬ 
chyma,  and  the  types  of  blood  vessels  involved  in 
extravasation  and  lesion  growth,  we  followed  the  cancer 
cells  on  days  1 , 2,  3,  5,  and  7  after  carotid  artery  injection 
by  immunohistochemistry. 

The  localization  of  cancer  cells  and  blood  vessels  was 
determined  by  staining  the  human  cancer  cells  with  anti¬ 
human  CD44  (mAb  29. 7)30  or  anti-human  vimentin, 
mouse  4T1  cells  with  anti-GFP,  and  the  vasculature  with 
anti-CD31  (Figure  2,  A-G,  and  Supplemental  Figure  1, 
see  http://ajp.amjpathol.org).  During  the  first  2  days  after 
inoculation,  all  cancer  cells  were  found  inside  blood  ves¬ 
sels  and  displayed  an  elongated  shape  to  fit  into  the 
narrow  capillaries  (Figure  2A).  On  day  3  postinoculation, 
for  all  three  cell  lines  examined,  the  majority  of  cancer 
cells  were  still  localized  within  the  microvasculature  (Fig¬ 
ure  2,  B,  H,  and  I,  and  Supplemental  Figure  1,  see  http:// 
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ajp.amjpathol.org).  Only  a  small  percentage  was  extrava- 
sating  (Figure  2,  C,  H,  and  I,  and  Supplemental  Figure  1, 
see  http://ajp.amjpathol.org)  or  already  located  in  the  ex- 
travascular  space,  staying  close  to  the  vessels  from 
which  the  cells  had  emerged  (Figure  2D  and  Supplemen¬ 
tal  Figure  1 ,  see  http://ajp.amjpathol.org).  Before  or  during 
extravasation,  the  cancer  cells  rounded  up  inside  the 
vascular  lumen  and  formed  cytoplasmic  protrusions, 
which  apparently  expanded  the  vessel  wall  that  sur¬ 
rounded  them  (Figure  2B;  also  see  Figure  5C,  day  3,  blue 
arrowheads).  Intravascular  cancer  cells  penetrating  the 
blood  vessel  wall  with  their  cytoplasmic  protrusions  were 
also  detected  (Figure  21,  middle  panel,  and  Supplemen¬ 
tal  Figure  1 ,  see  http://ajp.amjpathol.org).  Extravasation  of 
individual  cancer  cells  seemed  to  at  least  occasionally 
involve  larger  interruptions  of  the  vessel  wall  (Figure  2, 
C-F).  However,  we  could  not  detect  any  apoptosis  or 
hypoxia  associated  with  the  endothelium  at  sites  of  can¬ 
cer  cell  extravasation  by  terminal  deoxynucleotidyl  trans¬ 
ferase-mediated  dUTP  nick-end  labeling  staining  or  hy- 
poxyprobe,  respectively.  This  suggests  that  the 
extravasation  events  were  not  associated  with  significant 
destruction  of  the  vessel  wall  (data  not  shown).  However, 
fibrin  formation  and  platelet  aggregation  were  detected 
at  sites  of  4T1  cell  extravasation  in  BALB/c  mouse  brain 
on  days  3,  5,  and  7  posttumor  cell  injection  (Figure  2J 
and  data  not  shown).  On  day  5  postinoculation,  20  to 
40%  of  the  cancer  cells  were  still  intravascular  (Figure 
2H).  On  day  7,  all  MDA-MB-435  and  4T 1  tumor  cells  were 
found  in  the  extravascular  space,  whereas  —15%  of 
MDA-MB-231/brain  cells  were  still  intravascular,  suggest¬ 
ing  a  slightly  slower  extravasation  kinetics  (Figure  2,  E-l, 
and  Supplemental  Figure  1,  see  http://ajp.amjpathol.org). 
At  this  time,  for  all  three  cell  lines,  small  groups  of  cancer 
cells  were  detected  close  to  capillaries  or  lined  up  along 
the  vessel  wall  at  the  parenchymal  side,  indicating  initial 
cancer  cell  growth  (Figure  2,  F  and  G,  and  Supplemental 
Figure  1,  see  http://ajp.amjpathol.org).  Notably,  for  MDA- 
MB-435  cells,  extravasation  always  preceded  cancer  cell 
proliferation,  because  groups  of  two  or  more  cancer  cells 
were  seen  only  in  the  extravascular  space  and  never 
inside  blood  vessels  (Figure  2,  C-G).  In  contrast,  groups 
of  cancer  cells  within  the  vasculature  were  found  for  4T1 
cells,  suggesting  that  these  cells  might  proliferate  even 
before  extravasating.  This  is  in  line  with  the  immediate 
increase  in  bioluminescence  signal  for  this  cell  line  from 
day  1  on  (Figure  IB). 

By  days  30  to  70,  all  mice  injected  with  MDA-MB-435 
or  MDA-MB-231/brain  cells  harbored  large  metastatic 
lesions  within  the  brain  parenchyma  and  leptomeninges. 
At  this  stage,  leptomeningeal  metastases  remained  at¬ 
tached  to  the  brain  surface  when  the  brains  were  har¬ 
vested,  allowing  us  to  analyze  these  lesions  in  detail  and 
to  compare  them  to  lesions  within  the  brain  tissue.  Al¬ 
though  metastases  in  the  brain  parenchyma  grew  pref¬ 
erentially  around  capillaries,  forming  elongated  clusters 
around  these  small  vessels  (Figures  2K  and  3C),  lepto¬ 
meningeal  lesions  were  compact  nodules  and  contained 
capillaries  as  well  as  larger  vessels  (Figure  3C). 

Because  of  the  rapid  intracranial  growth  of  4T1  cells, 
these  experiments  were  terminated  after  10  to  14  days. 
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Figure  2.  Cancer  cell  extravasation  and  growth  in  the  brain.  A— G:  MDA-MB-435  cells  were  visualized  by  anti-human  CD44  (mAb  29  7)  and  blood  vessels  by  CD31 
staining  using  immunohistochemistry.  A:  An  elongated  cancer  cell  within  a  capillary  on  day  two  postinjection.  B:  Rounding  of  intravascular  cancer  cells  on  day 
three.  C:  Cancer  cell  on  day  three  breaking  through  the  vessel  wall  during  extravasation.  D:  Extra  vasated  cancer  cell  on  day  three.  E— G:  Extra  vascular  cancer  cells 
on  day  seven.  Scale  bars:  50  /xi n  (A— D);  25  /x m  (E— G).  H:  Percentage  of  cancer  cells  located  inside  versus  outside  blood  vessels.  The  quantification  was  performed 
for  three  different  cells  lines:  MDA-MB-435,  MDA-MB-23 1/brain,  and  4T1.  I:  Analysis  of  early  cell  location  by  confocal  microscopy.  Cancer  cells  were  stained  for 
human  CD44  (green)  and  blood  vessels  for  CD31  (red).  An  intravascular  cell  (left  panel),  a  cell  in  the  process  of  extravasation  (middle  panel),  and  extra  vascular 
cells  (right  panel)  are  shown.  J:  Association  of  intravascular  4T1  cancer  cells  with  fibrin  and  platelets  (GPIba  staining)  on  day  three.  Scale  bar:  25  fim.  K:  Day 
50:  Long-term  fate  of  MDA-MB-435  cells  was  monitored  by  immunohistochemistry.  Intraparenchymal  macrometastases  grew  preferentially  around  co-opted  blood 
vessels.  Scale  bar:  200  /Am.  L:  Solitary  tumor  cells  outside  blood  vessels  on  day  50  (top  panel),  detected  by  anti-human  CD44  (mAb  29  7),  are  mostly  negative 
for  Ki-67  (middle  panel).  In  contrast,  most  cells  within  lesions  as  shown  in  K  are  Ki-67  positive  (bottom  panel).  Scale  bars:  50  /xm.  M:  Quantification  of 
Ki-67-positive  cells  within  the  solitary  cancer  cell  population  and  within  the  macrometastatic  lesions  for  MDA-MB-435  and  MDA-MB-23 1/brain  cells  30  to  50  days 
postinjection. 


All  animals  harbored  numerous  macrometastases,  tightly 
lined  up  along  blood  vessels  within  the  brain  paren¬ 
chyma.  No  obvious  leptomeningeal  lesions  were  ob¬ 
served  for  this  cell  model. 

During  the  initial  steps  of  brain  colonization  within 
the  parenchyma,  cancer  cells  exclusively  arrested 


within  and  extravasated  from  capillaries  and/or  post¬ 
capillary  venules.  These  vessels  were  identified  by 
immunohistochemistry  based  on  their  size  and  lack  of 
smooth  muscle  cells  (Figure  3A).  The  vessels  were  pos¬ 
itive  for  CD31  as  well  as  for  CD34  and  were  surrounded 
by  platelet-derived  growth  factor  receptor  /3-positive  peri- 
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Figure  3-  Blood  vessel  types  involved  in  cancer  cell  extravasation  and  growth.  Blood  vessel  types  were  analyzed  by  immunofluorescence.  Representative  images 
for  MDA-MB-435  cells  are  shown.  A:  Day  seven:  in  the  brain  parenchyma,  cancer  cells  (white,  arrows)  arrest  and  extravasate  exclusively  from  capillaries  or 
postcapillary  venules  positive  for  CD34  and  lacking  smooth  muscle  cells  (no  smooth  muscle  actin  (SMA)  signal).  Scale  bars:  100  /am.  B:  Day  seven:  blood  vessels 
from  which  cancer  cells  (gray)  extravasate  are  surrounded  by  platelet-derived  growth  factor  receptor  /3  (PDGFRb)-positive  pericytes.  Top  panel:  BS-1  lectin; 
middle  panel:  anti-PDGFRb;  and  bottom  panel:  merge.  Scale  bar:  20  /am.  C:  Day  50:  intraparenchymal  metastases  grow  around  co-opted  capillaries  lacking 
smooth  muscle  cells.  Leptomeningeal  metastases  contain  capillaries  as  well  as  larger,  smooth  muscle  cell-positive  vessels.  Scale  bars:  100  /am. 


cytes  (Figure  3B).  This  indicates  that  parenchymal  le¬ 
sions  stayed  associated  with  the  vessel  type  from  which 
they  initially  emerged. 

In  addition  to  successfully  growing  large  metastatic 
lesions,  we  detected  many  single  cancer  cells  scattered 
throughout  the  brain  at  late  time  points  for  MDA-MB-435 
and  231/brain  cell  models  (days  30  to  70  postinjection). 
These  cells  were  localized  within  the  brain  parenchyma 
next  to  capillaries  (Figure  2L,  top  panel).  The  majority  of 
the  solitary  MDA-MB-435  cancer  cells  were  not  prolifer¬ 
ating,  as  only  12%  of  these  cells  were  positive  for  cell 
cycle  marker  Ki-67  (Figure  2,  L,  middle  panel,  and  M). 
Thus,  these  solitary  cancer  cells  were  arrested  in  G0  of 
the  cell  cycle  and  remained  dormant  after  extravasation, 
whereas  the  majority  of  cancer  cells  within  larger  lesions 
(63%)  were  Ki-67  positive  and  proliferated  actively  (Fig¬ 
ure  2,  L,  bottom  panel,  and  M).  In  contrast,  there  was  no 
significant  difference  in  the  percentage  of  Ki-67-positive 
cells  between  the  solitary  cancer  cell  population  and 
macroscopic  lesions  for  MDA-MB-231/brain  cells  (Figure 
2M).  Notably,  no  solitary  cancer  cell  population  was  de¬ 
tected  for  the  aggressive  murine  4T1  breast  cancer  cell 
line  in  their  syngeneic  BALB/c  host  model.  All  observed 
4T1  cells  grew  in  tight  clusters  around  blood  vessels  10 
days  after  carotid  artery  injection  (data  not  shown). 

Cancer  Cell  Arrest  and  Extravasation  in  the 
Brain  Induce  Diverse  Microglial  and  Astrocyte 
Responses 

It  is  well  established  that  the  host  microenvironment  af¬ 
fects  tumor  growth  and  metastatic  progression  and  im¬ 


pacts  the  success  of  tumor  cells  to  survive  and  grow 
within  the  brain. 6'29'34-36  Therefore,  we  investigated  the 
earliest  responses  of  brain  residing  cells  to  incoming 
cancer  cells  during  the  initial  steps  of  hematogenous 
brain  metastasis.  A  major  cell  type  of  the  brain  known  to 
respond  to  invading  cells  from  the  immune  system  during 
inflammatory  brain  disease  and  development  of  primary 
brain  tumors  is  microglia.  14~18  We  therefore  investigated 
an  involvement  of  microglia  in  the  earliest  steps  of  cancer 
cell  brain  colonization.  F4/80  was  used  as  a  marker  for 
microglia  and  macrophages.  Our  analysis  revealed  a 
varying  accumulation  of  F4/80-positive  cells  with  strongly 
increased  F4/80  expression,  indicative  of  microglial  acti¬ 
vation,  around  extravasated  cancer  cells  on  day  7  in  all 
three  cancer  cell  models  (MDA-MB-435:  Figure  4A-G; 
4T1:  Figure  4H-K;  MDA-MB-231/brain:  data  not  shown). 
Similar  microglial  responses  were  observed  in  immuno- 
suppressed  SCID  mice  and  immunocompetent  BALB/c 
mice.  Some  cancer  cells  that  had  left  the  vasculature 
recruited  large  amounts  of  activated  microglia,  whereas 
only  few  or  no  activated  microglial  cells  could  be  de¬ 
tected  in  the  vicinity  of  other  cancer  cells  (Figure  4,  A  and 
H,  left  panel).  However,  the  microglial  responses  ob¬ 
served  were  specifically  induced  by  the  cancer  cells,  and 
were  not  a  consequence  of  the  surgical  manipulation 
since  activated  microglial  cells  were  never  detected  in 
the  same  brain  regions  of  animals  injected  with  medium 
alone  (Figure  4H,  right  panel).  Microglia  associated  with 
the  initial  micrometastases  presented  either  as  activated 
microglia  displaying  characteristic  stellate  morphology 
with  thick  cellular  processes  (Figure  4,  D  and  J)  or  as 
reactive  microglia  with  typical  amoeboid  morphology37 
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Figure  4.  Microglial  cell  responses  to  invading  cancer  cells  are  heterogeneous.  Microglial  activation  in  response  to  cancer  cell  invasion  varies  at  early  as  well  as 
late  stages,  as  detected  by  immunofluorescence  analysis.  A— G:  MDA-MB-435  cells  in  immunosuppressed  mice;  diverse  microglial  responses  (green)  to  incoming 
cancer  cells  (red)  on  day  seven  (A).  Responses  include  absence  of  microglial  cells  (B),  presence  of  hypertrophic  stellate  activated  (D),  or  amoeboid  reactive 
microglial  cells  (F).  Similarly,  on  day  50,  some  macrometastases  show  no  microglial  involvement  (C)  or  contain  stellate  (E)  or  amoeboid  microglia  (G).  Scale  bars: 
100  jtim  (A);  50  |xm  (B-G).  H-K:  4T1  cells  in  immunocompetent  mice;  H:  distribution  of  activated  microglia  (red)  in  the  mouse  brain  seven  days  after  carotid  artery 
injection  of  cancer  cells  (left  panel)  or  medium  alone  (right  panel).  White  arrowheads  mark  the  GFP-labeled  cancer  cells  (green).  Diverse  microglial  responses 
to  cancer  cells  include  absence  of  microglial  cells  (I),  presence  of  hypertrophic  stellate  (J),  or  reactive  amoeboid  microglial  cells  (K).  Scale  bar:  50  /im. 


(Figure  4,  F  and  K).  The  heterogeneity  in  microglial  re¬ 
sponses  persisted  throughout  metastatic  lesion  develop¬ 
ment.  Even  macrometastases  on  day  50  posttumor  cell 
injection  were  either  completely  free  of  microglial  cells 
(Figure  4C)  or  found  associated  with  activated  stellate 
(Figure  4E)  or  reactive  amoeboid  microglia  (Figure  4G). 
Thus,  microglial  responses  to  brain  invading  cancer  cells 
can  generate  a  variety  of  local  microenvironments  that 
may  affect  lesion  growth.  These  responses  could  be 
dynamically  regulated,  potentially  explaining  their  spo¬ 
radic  detection. 

In  addition  to  the  variable  microglial  responses,  as¬ 
trocytes  and  their  activation  were  consistently  found 


associated  with  invading  cancer  cells  from  the  earliest 
intravascular  arrest  steps  on  (Figure  5).  In  addition  to 
pericytes,  brain  capillaries  are  supported  by  astro¬ 
cytes,  which  contribute  to  the  tightness  and  functions 
of  the  blood-brain  barrier.38-40  After  interacting  with  en¬ 
dothelial  cells,  pericytes  and  astrocytes  are  the  first  host 
cell  types  that  extravasating  cancer  cells  encounter. 
Strikingly,  in  all  three  cancer  cell  models,  arrest  and 
extravasation  of  cancer  cells  consistently  resulted  in  a 
strong  local  activation  of  astrocytes,  detected  by  the 
up-regulation  of  GFAP  as  well  as  by  the  hyperdilation  of 
astrocyte  processes  (MDA-MB-435:  Figure  5,  A  and  C; 
4T1:  Figure  5D;  MDA-MB-231/brain:  data  not  shown). 
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Figure  5-  Cancer  cell  invasion  induces  strong  astrocytic  responses.  Astrocytes  were  investigated  by  immunofluorescence  staining.  A:  Left,  On  day  three  after 
cancer  cell  injection  into  the  left  carotid  artery,  GFAP  in  astrocytes  is  already  up-regulated  strongly  in  the  vicinity  of  intravascular  arrested  cancer  cells 
(MDA-MB-435,  red  arrows).  Astrocyte  activation  can  be  detected  in  the  left  hemisphere  in  brain  overview  sections,  whereas  the  corresponding  area  of  the 
contralateral  hemisphere  is  devoid  of  GFAP  reactivity.  Right,  Also,  no  GFAP  activity  was  found  in  the  brain  of  control  animals  injected  with  medium  alone.  B: 
Number  of  reactive  astrocytes  three  days  after  carotid  artery  injection  of  cancer  cells,  quantified  within  the  150-pm  distance  from  cancer  cells  (cancer  cell 
associated)  and  within  the  corresponding  region  of  the  contralateral  hemisphere  that  lacks  cancer  cells  (normal  control).  C:  Activated  astrocytes  with  thick 
processes  and  up-regulated  expression  of  GFAP  are  detected  next  to  MDA-MB-435  cancer  cells  that  are  still  intravascular.  Note  the  cytoplasmic  protrusions  of 
cancer  cells  on  day  three  postinoculation  that  apparently  cause  stretching  of  the  vessel  wall  (blue  arrowheads)  (day  three,  upper  left  panel).  GFAP-positive 
astrocytes  stay  close  to  extravasated  tumor  cells  (day  seven,  lower  left  panel).  Reactive  astrocytes  persist  close  to  cancer  cells  throughout  their  development  into 
macrometastases  (day  50.  right  panel).  Scale  bars:  20  pm.  D:  Activated  astrocytes  are  also  present  in  the  vicinity  of  4T1  breast  cancer  cells  injected  into  the 
carotid  artery  of  syngeneic  BALB/c  mice.  Scale  bars:  20  pm.  E:  In  addition  to  GFAP  up-regulation,  some  reactive  astrocytes  simultaneously  express  nestin. 
Merged  images  are  shown  on  the  left.  Human  vimentin  or  GFP  (light  blue),  nestin  (green),  GFAP  (red),  and  4',6'-diamidino-2-phenylindole  (DAPI)  (dark 
blue).  Scale  bar:  20  pm.  F:  Strong  up-regulation  of  MMP-9  is  detected  in  reactive  astrocytes  located  in  the  immediate  vicinity  of  extravasated  MDA-MB-435 
tumor  cell.  Scale  bar:  20  pm. 
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Astrocyte  activation  was  always  and  exclusively  seen  in 
close  proximity  of  cancer  cells.  In  many  cases,  the  astro¬ 
cyte  response  was  so  strong  that  it  could  be  detected  in 
overviews  of  whole  brain  sections,  even  on  day  3  post¬ 
cancer  cell  injection  (Figure  5A).  At  this  stage,  reactive 
astrocytes  were  present  in  close  proximity  of  individual 
cancer  cells,  even  before  those  extravasated  (Figure  5C, 
day  3).  Reactive  astrocytes  persisted  throughout  the  ex¬ 
travasation  process  (Figure  5,  C  and  D,  day  7)  and  es¬ 
tablishment  of  large  metastatic  lesions  (Figure  5C,  day 
50).  Early  astrocyte  activation  on  day  3  was  a  specific 
response  to  the  presence  of  cancer  cells,  because  the 
injection  of  medium  alone  in  sham  operated  animals 
did  not  result  in  any  detectable  astrocyte  activation 
(Figure  5A).  Furthermore,  no  increase  in  reactive  as¬ 
trocytes  was  observed  for  the  corresponding  brain 
area  in  the  contralateral  brain  hemisphere  (Figure  5A). 
Notably,  injection  of  breast  cancer  cells  into  the  left 
internal  carotid  artery  resulted  in  tumor  cell  coloniza¬ 
tion  of  only  the  left  hemisphere  of  the  brain,  whereas 
the  right  hemisphere  remained  unaffected.  We  there¬ 
fore  used  the  right  tumor  cell-free  hemisphere  as  a 
control  to  quantify  the  number  of  reactive  astrocytes 
associated  with  cancer  cells  in  the  left  hemisphere. 
The  results  demonstrate  a  significant  and  specific  in¬ 
crease  in  reactive  astrocytes  in  the  proximity  of  cancer 
cells  on  day  3  postinjection  for  all  three  breast  cancer 
cell  models  (Figure  5B). 

In  addition  to  elevated  expression  of  GFAP,  some  can¬ 
cer  cell-associated  astrocytes  simultaneously  up-regu- 
lated  expression  of  nestin,  another  marker  of  reactive 
astrocytes41  (Figure  5E).  We  confirmed  that  nestin  stain¬ 
ing  was  truly  associated  with  astrocytes  by  costaining 
blood  vessels  and  microglia  with  nestin  (Supplemental 
Figure  2,  see  http://ajp.amjpathol.org).  This  result  reflects 
a  diversity  of  atrocytic  responses  to  tumor  cells. 

An  important  consequence  of  astrocyte  activation  is 
their  ability  to  secrete  factors  such  as  MMP-9.42'43  MMP-9 
can  directly  impact  cancer  cell  invasion  and  has  known 
proangiogenic  and  growth-promoting  functions  in  brain 
tumors  through  release  of  growth  factors  from  the  extra¬ 
cellular  matrix.34  We  found  a  strong  expression  of  MMP-9 
by  MDA-MB-435  cells  as  well  as  a  strong  up-regulation  of 
MMP-9  protein  in  the  immediate  vicinity  of  extravasating 
cancer  cells,  associated  with  activated  astrocytes  that 
surrounded  the  tumor  cells  (Figure  5F).  Another  factor 
also  known  to  be  released  by  reactive  astrocytes  is 
SDF-1 44-47  but  we  did  not  detect  SDF-1  in  the  context  of 
astrocyte  responses  to  cancer  cell  invasion  (data  not 
shown).  Taken  together,  astrocytes  might  provide  early 
and  continuous  proangiogenic  and/or  survival  signals 
that  support  cancer  cell  growth.  The  mechanism  might 
involve  release  of  MMP-9  into  the  immediate  proximity  of 
the  cancer  cells.  Because  of  their  consistent  and  very 
early  response  to  arriving  cancer  cells  in  the  brain  and 
the  persistence  of  their  association  with  proliferating  tu¬ 
mor  cells,  astrocytes  might  provide  a  supportive  micro¬ 
environment  for  the  development  of  brain  metastatic 
lesions. 


Discussion 

The  present  study  provides  detailed  in  vivo  analyzes  of 
breast  cancer  cell  arrest  and  extravasation  into  the  brain 
parenchyma.  Furthermore,  it  captures  the  diversity  of 
early  host  responses  within  the  brain  microenvironment 
during  the  initial  steps  of  cancer  cell  invasion.  Information 
on  the  first  interaction  between  brain-homing  tumor  cells 
and  reactive  host  cell  types  will  contribute  to  a  better 
understanding  of  critical  early  events  in  brain  metastasis. 
This  insight  may  help  develop  strategies  for  prevention 
and  treatment  of  symptomatic  brain  lesions. 

Our  results  show  that  breast  cancer  cells  arrest  exclu¬ 
sively  in  brain  capillaries  and/or  postcapillary  venules. 
Comparing  five  different  breast  cancer  cell  models,  we 
identified  three  as  suitable  models  for  detailed  studies  of 
the  earliest  critical  events  of  breast  cancer  cell  extrava¬ 
sation  and  initial  brain  colonization.  Importantly,  only 
these  tumor  cells  consistently  developed  metastatic  le¬ 
sions.  Reports  in  the  literature  differ  on  the  time  course  of 
cancer  cell  extravasation,  likely  because  of  the  use  of 
different  cancer  cell  types,  routes  of  inoculation,  and 
primarily  because  of  distinct  microvascular  structures 
within  the  target  organs  examined.  In  general,  it  takes 
significantly  longer  for  cancer  cells  to  extravasate  into  the 
brain  parenchyma  than  into  other  organ  tissues.  For  ex¬ 
ample,  extravasation  of  lung  cancer  cells  in  the  brain  was 
reported  to  take  48  hours,  whereas  the  same  tumor  cells 
extravasated  into  the  liver  within  only  6  hours.13  In  an¬ 
other  study,  prostate  cancer  cells  derived  from  brain 
metastases  apparently  remained  inside  brain  capillaries 
for  up  to  5  days.27  In  our  approach,  breast  cancer  cells 
were  injected  into  the  left  internal  carotid  artery  of  immu- 
nosuppressed  SCID  mice  or  immunocompetent  BALB/c 
mice.  Importantly,  we  found  that  regardless  of  the  host 
immune  state,  the  timing  of  tumor  cell  arrest  within  the 
vasculature  and  extravasation  was  the  same  for  all  tumor 
cell  models  examined.  We  found  the  tumor  cells  arrested 
within  the  brain  microvasculature  and  in  the  process  of 
extravasation  from  day  3  on.  Extravasation  was  com¬ 
pleted  on  day  7,  except  for  MDA-MB-231/brain  cells, 
where  a  small  percentage  of  cells  was  still  intravascular. 
Thus,  arrested  cancer  cells  apparently  have  to  survive 
within  the  brain  vasculature  for  a  significantly  longer  pe¬ 
riod  of  time  than  in  other  organs.  Cancer  cell  survival  in 
the  vasculature  is  likely  a  critical  step  that  limits  the 
success  rate  of  brain  metastasis.  This  step  is  probably 
influenced  by  the  ability  of  cancer  cells  to  specifically 
interact  with  components  of  the  vessel  wall  on  arrest.  In 
line  with  this  concept,  it  was  recently  reported27  that  the 
majority  of  DU145/RasB1  prostate  cancer  cells,  which 
arrested  in  the  brain  vasculature,  were  eliminated  before 
they  could  extravasate,  pointing  at  intravascular  survival 
as  a  rate  limiting  step.  These  studies  were  performed  in 
immunodeficient  mice.  The  presence  of  a  fully  competent 
immune  system,  especially  natural  killer  cells  48  is  ex¬ 
pected  to  pose  additional  survival  pressure  on  cancer 
cells  that  remain  arrested  within  the  vasculature  for  ex¬ 
tended  periods  of  time.  Flowever,  our  results  indicate  that 
arrested  breast  cancer  cells  can  survive  for  several  days 
within  the  cerebral  microvasculature  in  the  presence  of  a 
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fully  functional  immune  system.  We  found  that  4T1  cells 
injected  into  BALB/c  mice  initiated  growth  very  rapidly 
without  any  signs  of  cancer  cell  death  by  terminal  deoxy- 
nucleotidyl  transferase-mediated  dUTP  nick-end  labeling 
staining  (data  not  shown).  In  this  model,  we  observed 
platelet  accumulation  and  fibrin  formation  associated 
with  intravascular  cancer  cells,  potentially  protecting 
them  from  the  immune  system. 

Compared  with  the  brain,  intravascular  survival  may  be 
less  critical  in  other  organs  because  of  significantly 
shorter  extravasation  times.  Recently,  Bos  et  al49  identi¬ 
fied  genes  that  promote  breast  cancer  brain  metastasis 
through  a  gene  profiling  analysis.  Importantly,  these 
genes  make  up  a  group  of  mediators  of  cancer  cell 
extravasation  in  an  in  vitro  model  of  the  blood-brain  bar¬ 
rier.  Notably,  the  duration  of  transendothelial  migration  by 
cancer  cells  in  vitro  is  significantly  shorter  (6  to  18  hours) 
than  that  required  for  extravasation  into  brain  tissue  in  vivo 
(3  to  5  days).  Furthermore,  conditions  in  the  vasculature 
are  much  more  complex  than  can  be  recapitulated  in 
vitro.  Although  one  can  envision  extravasation  as  a  rate- 
limiting  step  for  cancer  types  that  are  able  to  survive  after 
arresting  within  the  cerebral  microcirculation,  our  results 
indicate  that  survival  factors — in  addition  to  mediators  of 
extravasation — likely  play  a  decisive  role  in  the  establish¬ 
ment  of  brain  metastases. 

Different  modes  of  cancer  cell  extravasation  have  been 
described.  These  include  extravasation  of  individual  tumor 
cells  without  observable  disruption  of  the  microvasculature 
as  well  as  intravascular  cancer  cell  proliferation,  followed  by 
eventual  vessel  rupture,  as  reported  for  lung  metasta¬ 
sis.50-53  In  the  MDA-MB-435  model,  we  observed  individual 
cancer  cells  within  brain  capillaries  that  initially  assumed 
an  elongated  shape  to  fit  into  the  significantly  smaller 
vessels.  Three  days  later,  the  tumor  cells  regained  a 
round  shape,  thereby  stretching  the  vessel  wall.  In  some 
cases,  the  vessels  appeared  disrupted  on  extravasation. 
However,  the  absence  of  any  detectable  apoptosis  or 
hypoxia  associated  with  the  vascular  endothelium  at 
these  sites  suggests  that  no  significant  damage  of  blood 
vessels  occurs  during  the  extravasation  process.  Nota¬ 
bly,  we  also  observed  cancer  cell  protrusions  stretching 
through  the  vessel  wall,  indicating  that  crossing  of  the 
blood-brain  barrier  is  an  active,  specific  process  initiated 
by  the  tumor  cells.  For  MDA-MB-435  cells,  we  did  not 
observe  any  intravascular  proliferation.  Groups  of  two  or 
more  cells  appeared  only  in  the  extravascular  space  from 
day  5  on.  Consistent  with  the  histology,  bioluminescence 
signal  intensity  reflecting  the  number  of  F-luc-tagged 
cancer  cells  started  to  increase  between  days  5  and  7 
when  all  of  the  cells  had  extravasated.  In  contrast,  we 
observed  intravascular  groups  of  cells  for  both  MDA-MB- 
231/brain  and  4T1  cells,  indicating  that  these  might  pro¬ 
liferate  before  extravasation.  This  finding  correlates  with 
the  strong,  immediate  increase  in  bioluminescence  sig¬ 
nal  for  both  MDA-MB-231/brain  and  4T1  cells  within  the 
first  day  after  injection.  For  MDA-MB-231/brain  cells,  the 
signal  intensity  decreased  after  day  1 ,  before  it  began  to 
increase  continuously  between  days  5  and  10,  indicating 
that  cancer  cells  were  eliminated  from  the  brain  vascu¬ 
lature  between  days  2  and  5.  Exit  of  cancer  cells  from 
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capillaries  or  postcapillary  venules  may  involve  mechanical 
forces  caused  by  rounding  of  the  cancer  cells,  formation  of 
cytoplasmic  protrusions,  and  most  likely  secretion  of  dis¬ 
ruptive  enzymes  such  as  MMP-9  and  heparanase  or  their 
combinations. 6'12,36,54  To  our  knowledge,  only  one  study 
previously  captured  cancer  cells  in  the  process  of  extrav¬ 
asation  into  the  brain,  using  a  rat  hepatoma  cell  line  as  a 
model.12  In  that  model,  extravasation  apparently  involved 
breaching  or  destruction  of  the  endothelium.  The  results 
from  our  study  with  breast  cancer  cells  suggest  that 
different  modes  of  extravasation  for  cancer  cells  in  the 
brain  might  exist. 

As  lesions  progressed,  we  observed  macrometasta- 
ses  within  the  brain  parenchyma  as  well  as  in  the  lepto- 
meninges.  These  locations  represent  distinct  microenvi¬ 
ronments  within  the  brain,7,36  which  we  found  reflected 
by  strikingly  different  phenotypes  of  parenchymal  versus 
leptomeningeal  metastases  in  our  models.  Throughout 
their  development,  metastases  in  the  parenchyma  grew 
mostly  around  small  blood  vessels  similar  to  a  phenotype 
reported  previously.9,1 1,27,55  We  identified  these  vessels 
as  capillaries  or  postcapillary  venules  based  on  their  size 
and  lack  of  smooth  muscle  cells.  In  contrast,  metastases 
in  the  leptomeninges  grew  into  dense  solid  lesions  that 
always  contained  larger  vessels  surrounded  by  smooth 
muscle  cells.  Because  of  the  fragility  of  the  leptomenin¬ 
ges  and  their  tendency  to  stay  associated  with  the  skull 
when  the  brains  were  removed  early  after  cancer  cell 
injection,  our  analysis  of  the  initial  colonization  events 
focused  on  the  parenchymal  microenvironment.  It  is  pos¬ 
sible  that  the  first  steps  of  cancer  cell  arrest  and  extrav¬ 
asation  within  leptomeninges  differ  from  the  events  seen 
within  the  brain  parenchyma. 

The  brain  is  a  very  specialized  environment  with  a 
unique  cellular  composition.  Recent  evidence  suggests 
that  adhesion  of  cancer  cells  to  components  of  the  vas¬ 
cular  basement  membrane  provides  essential  survival 
cues  for  cancer  cells,  early  during  brain  colonization.9  In 
addition  to  initial  signals  from  tumor  cell  adhesive  inter¬ 
actions  with  the  vessel  wall,  host  cells  in  the  immediate 
microenvironment  of  the  tumor  cells  are  most  likely  to 
impact  their  fate  and  ability  to  progress.  In  our  study,  we 
focused  on  host  cell  responses  to  the  invading  tumor 
cells.  For  established  brain  metastases,  it  has  been  well 
documented  that  reactive  astrocytes  and  microglia  sur¬ 
round  the  lesions.15,22  Furthermore,  it  is  known  that  glial 
cells  are  activated  in  a  response  to  brain  injuries.  How¬ 
ever,  responses  of  glial  cells  and  astrocytes  to  the  initial 
stages  of  tumor  cell  invasion  have  not  been  reported 
previously.  We  found  that  cancer  cell  arrest,  extravasa¬ 
tion,  and  invasion  of  the  brain  parenchyma  always  in¬ 
duced  a  strong  local  activation  of  astrocytes  and  activa¬ 
tion  of  microglia  to  varying  degrees.  Astrocytic  responses 
were  heterogeneous  in  their  intensity  and  cellular  com¬ 
position,  involving  cells  with  up-regulated  expression  of 
GFAP,  nestin,  or  both.  Reactive  astrocytes  occasionally 
strongly  up-regulated  expression  of  MMP-9,  which  is 
known  to  promote  growth  of  primary  brain  tumors  based 
on  its  proangiogenic  activity  by  releasing  vascular  endo¬ 
thelial  growth  factor  from  the  surrounding  matrix.34  In 
addition,  vascular  endothelial  growth  factor  can  also 
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directly  stimulate  the  proliferation  of  cancer  cells.56 
Furthermore,  astrocytes  were  shown  to  support  brain 
metastatic  growth  by  secretion  of  heparanase24  and  neu- 
rotrophins.23  Thus,  reactive  astrocytes  may  provide  initial 
cues  for  extravasating  tumor  cells  to  survive  and  prolifer¬ 
ate  within  the  brain  parenchyma. 

Some  reactive  astrocytes  in  the  vicinity  of  cancer  cells 
expressed  nestin.  Nestin  is  a  marker  of  neuroepithelial 
stem  cells,  radial  glia  cells,  and  progenitor  cells  and  is 
down-regulated  during  terminal  differentiation  to  mature 
astrocytes.  Nestin  up-regulation  in  reactive  astrocytes 
was  found  associated  with  brain  injury  from  different 
causes  41,57-59  It  has  been  long  debated  whether  reac¬ 
tive  astrocytes  originate  from  progenitor  cells  that  mi¬ 
grated  from  the  subventricular  zone  or  whether  they  de¬ 
rive  from  regional  mature  astrocytes.  Recently,  several 
groups  showed  that  nestin-positive  subventricular  zone 
progenitors  migrate  to  damaged  areas  in  the  brain  cor¬ 
tex60,61  Other  groups  demonstrated  that  mature  astro¬ 
cytes  locally  resume  proliferation  and  dedifferentiate  in 
response  to  brain  injury  and  other  stimuli57,62  Thus,  both 
scenarios  can  occur.  In  our  study,  nestin-positive  reac¬ 
tive  astrocytes  were  observed  very  early  during  cancer 
cell  invasion  of  the  brain  parenchyma.  The  origin  of  these 
astrocytes  remains  to  be  elucidated. 

The  reactions  of  microglia  to  cancer  cells  were  also 
diverse.  In  the  normal  brain,  resting  or  ramified  microglia 
with  thin  processes  are  distributed  throughout  the  brain 
tissue.  On  stimulation,  ramified  microglia  can  be  progres¬ 
sively  converted  into  active  microglia  via  at  least  two 
different  and  functionally  distinct  morphological  states. 
These  are  termed  activated  and  reactive  microglia.37 
Although  activated  microglia  express  only  major  histo¬ 
compatibility  complex  class  I,  reactive  microglia  express 
both  major  histocompatibility  complex  class  I  and  major 
histocompatibility  complex  class  II  and  show  phagocytic 
activity.  The  microglial  population  we  found  associated 
with  cancer  cells  was  heterogeneous  and  consisted  of 
both  activated  microglia  with  typical  hypertrophic  stellate 
appearance  and  reactive  microglia  with  amoeboid  cell 
morphology.  Notably,  microglial  responses  to  cancer 
cells  were  similar  in  immunosuppressed  and  in  immuno¬ 
competent  mice.  Microglial  cells  can  have  protective  as 
well  as  cytotoxic  functions  21,22  Thus,  in  addition  to  as¬ 
trocytes,  microglia  may  influence  tumor  cell  survival  and 
development  into  macrometastases. 

In  addition  to  macrometastases,  we  detected  many 
solitary  tumor  cells  distributed  throughout  the  brain  pa¬ 
renchyma,  30  to  70  days  after  carotid  artery  injection  of 
MDA-MB-435  and  MDA-MB-231/brain  cells.  The  vast  ma¬ 
jority  of  solitary  MDA-MB-435  cells  were  negative  for 
Ki-67  antigen,  indicating  their  dormant  state.  In  contrast, 
solitary  MDA-MB-231/brain  cells  and  macroscopic  le¬ 
sions  displayed  similar  Ki-67  expression.  These  obser¬ 
vations  are  in  line  with  previous  reports  demonstrating 
that  cancer  cells  have  different  fates  after  arresting 
within  the  brain  vasculature,  as  they  may  proliferate 
and  progress  to  macrometastases,  survive  without 
growing  (dormancy),  or  die  and  become  eliminated.63,64 
In  addition  to  the  impact  of  clonal  heterogeneity  of  cancer 
cells,  local  differences  within  the  brain  microenvironment, 


including  large  molecular  diversity  between  astrocytes  in 
different  regions  of  the  brain  65,66  may  influence  the  tu¬ 
mor  cell  fate.  These  parameters  are  known  to  affect  neu¬ 
rogenesis  and  impact  melanoma  brain  metastasis.7,35,67 
Our  results  demonstrate  that  in  addition  to  these  location- 
specific  diversities,  the  invasion  of  brain  tissue  by  indi¬ 
vidual  cancer  cells  induces  a  variety  of  glial  responses 
that  add  to  the  uniqueness  of  each  local  microenviron¬ 
ment.  Distinct  glial  responses  may  help  explain  why  can¬ 
cer  cells  that  arrested  in  the  microvasculature  can  have 
different  fates,  even  if  they  are  located  within  the  same 
brain  area  63,64  Functional  contributions  of  different  astro¬ 
cytic  and  microglial  cell  populations  to  very  early  steps  of 
metastatic  invasion  remain  to  be  elucidated.  Unraveling  the 
underlying  mechanisms  in  vivo  might  lead  to  targeted  ma¬ 
nipulation  of  the  brain  microenvironment  for  clinical  inhibi¬ 
tion  of  brain  metastasis.  Similar  approaches  have  already 
been  used  to  convert  a  nonneurogenic  into  a  neurogenic 
environment  to  promote  neuron  formation  in  the  adult 
brain.67,68  Thus,  in  the  future,  one  could  envision  applica¬ 
tion  of  these  principles  for  treatment  of  brain  metastasis. 
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Abstract  Advanced  metastatic  disease  is  difficult  to 
manage  and  specific  therapeutic  targets  are  rare.  We 
showed  earlier  that  metastatic  breast  cancer  cells  use  the 
activated  conformer  of  adhesion  receptor  integrin  av/?3  for 
dissemination.  We  now  investigated  if  targeting  this  form 
of  the  receptor  can  impact  advanced  metastatic  disease,  and 
we  analyzed  the  mechanisms  involved.  Treatment  of 
advanced  multi-organ  metastasis  in  SCID  mice  with 
patient-derived  scFv  antibodies  specific  for  activated  inte¬ 
grin  av/?3  caused  stagnation  and  regression  of  metastatic 
growth.  The  antibodies  specifically  localized  to  tumor 
lesions  in  vivo  and  inhibited  av/?3  ligand  binding  at 
nanomolar  levels  in  vitro.  At  the  cellular  level,  the  scFs 
associated  rapidly  with  high  affinity  av/13  and  dissociated 
extremely  slowly.  Thus,  the  scFvs  occupy  the  receptor  on 
metastatic  tumor  cells  for  prolonged  periods  of  time, 
allowing  for  inhibition  of  established  cell  interaction  with 
natural  av/?3  ligands.  Potential  apoptosis  inducing  effects 
of  the  antibodies  through  interaction  with  caspase-3  were 
studied  as  potential  additional  mechanism  of  treatment 
response.  However,  in  contrast  to  a  previous  concept, 
neither  the  RGD-containing  ligand  mimetic  scFvs  nor  RGD 
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peptides  bound  or  activated  caspase-3  at  the  cellular  or 
molecular  level.  This  indicates  that  the  treatment  effects 
seen  in  the  animal  model  are  primarily  due  to  antibody 
interference  with  av/J3  ligation.  Inhibition  of  advanced 
metastatic  disease  by  treatment  with  cancer  patient  derived 
single  chain  antibodies  against  the  activated  conformer  of 
integrin  av/?3  identifies  this  form  of  the  receptor  as  a 
suitable  target  for  therapy. 

Keywords  Advanced  metastasis  •  Treatment  • 

Activated  integrin  ■  Patient  antibodies 

Introduction 

Advanced  multi-organ  metastasis  is  difficult  to  manage, 
and  therapies  could  be  improved  if  new  functional  targets 
on  tumor  cells  were  identified  [1],  A  potential  target  for 
inhibition  of  metastatic  growth  is  the  high  affinity  con¬ 
former  of  adhesion  receptor  integrin  av/13.  av/13  is  an 
important  player  in  tumor  angiogenesis,  but  it  also  pro¬ 
motes  tumor  cell  adhesion,  invasive  migration  and  survival 
[2-6].  The  expression  of  av/13  in  tumors  and  the  tumor 
associated  vasculature  correlates  with  tumor  grade  and 
progression  in  several  tumor  types,  most  prominently  in 
melanoma,  glioma,  and  breast  cancer  [4,  7-10].  av/13 
antagonists,  including  antibodies,  can  disrupt  tumor- 
induced  angiogenesis  in  animal  models  [11-13]  and 
interfere  with  metastasis  promoting  tumor  cell  functions 
[14-16].  We  previously  documented  that  the  activation 
state  of  av/13  is  critical  for  supporting  metastatic  progres¬ 
sion  and  that  the  high  affinity  form  of  av/?3  identifies  a 
metastatic  subset  of  tumor  cells  [5].  Interestingly,  we  also 
found  that  the  immune  repertoire  of  cancer  patients  can 
contain  anti-tumor  antibodies,  which  specifically  react  with 
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the  activated  form  of  av/J3.  These  antibodies  are  ligand- 
mimetics  of  the  av/13  integrin  and  carry  an  Arg-Gly-Asp 
(RGD)  sequence  within  their  CDR-H3  regions  [17]. 

In  the  present  study,  we  investigated  whether  targeting 
the  high  affinity  conformer  of  integrin  av/13  with  the  ligand 
mimetic  antibodies  can  interfere  with  advanced  metastatic 
disease.  This  was  examined  in  immune  deficient  mice  after 
inducing  progressive  metastatic  burden  with  human  tumor 
cells  expressing  high  affinity  y.v  (13 .  Response  to  treatment 
was  followed  with  non-invasive  bioluminescence  imaging. 
The  observed  anti-metastatic  properties  of  the  scFv  anti¬ 
bodies  are  due  to  their  ability  to  specifically  and  nearly 
irreversibly  bind  and  inhibit  the  activated  conformer  of 
av/13.  Thus,  activated  av/83  appears  as  a  suitable  target  for 
the  inhibition  of  widespread  metastatic  disease.  The  fully 
human  antibodies  used  in  this  study  and  their  derivatives, 
or  compounds  with  similar  specific  properties,  might  pro¬ 
vide  a  basis  for  powerful  therapeutic  intervention  of 
advanced  metastasis. 


Results 

The  main  goal  of  this  study  was  to  investigate  if  the  high 
affinity  conformer  of  tumor  cell  integrin  av/13  is  a  suitable 
target  for  inhibition  of  advanced  and  widespread  metastatic 
disease.  We  used  human  tumor  cell  models  expressing 
activated  av/13  in  immune  deficient  mice,  and  analyzed  the 
ability  of  patient  derived  scFv  antibodies  against  this  form 
of  the  receptor  to  interfere  with  advanced  metastatic 
progression. 


Antibody  binding  validation  and  routes 
of  administration 

To  test  in  principle  whether  targeting  activated  ocv/13  with 
the  ligand  mimetic  scFvs  interfere  with  advanced  meta¬ 
static  disease,  we  chose  a  phage-displayed  format  of  the 
antibodies  for  treatment.  By  using  this  format,  we  took 
advantage  of  the  tissue  penetrating  properties  of  phage  and 
their  ability  for  multivalent  antibody  display  [18].  To 
verify  the  cell  binding  characteristics  of  the  phage  anti¬ 
bodies,  we  analyzed  each  scFv-phage  batch  for  tumor  cell 
binding  before  using  the  material  for  animal  treatment. 
ScFv  phage  binding  was  examined  on  two  different  tumor 
cell  models,  each  expressing  the  activated  form  of  integrin 
y.v  (S3.  namely  M21  human  melanoma  cells  (high  y.v  (13 
expression)  and  MDA-MB-435  /Bd723r  human  metastatic 
cancer  cells  [5]  (intermediate  y.v (13  expression).  Binding  of 
y.v (13  directed  scFvl-  and  scFv5-phage  was  compared  to 
wild  type  phage  as  a  control  (Fig.  la).  Appropriate  routes 
of  administration  and  in  vivo  distribution  of  scFv  phage 
were  examined  in  non-tumor  bearing  mice  to  assess  if  and 
to  what  extent  the  antibodies  were  able  to  reach  major 
target  organs  of  metastasis,  without  the  bias  of  tumor 
burden  there.  Inoculation  of  5  x  1010  scFvl  or  scFv5 
phage  intranasally,  intravenously  or  intraperitoneally  lead 
to  efficient  phage  recovery  from  the  lungs,  brain,  liver,  and 
kidneys  of  SCID  mice  24  h  after  scFv  injection  (Fig.  lb 
shows  scFv5).  Intravenous  and  intraperitoneal  routes  pro¬ 
duced  the  highest  phage  titers  in  the  examined  organs 
(>1  x  108  phages  per  gram  of  tissue).  The  lowest  titer  was 
found  in  the  brain.  Having  established  that  scFv  phage  can 
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Fig.  1  Antibody  binding  validation  and  routes  of  administration, 
a  Before  use  in  animals,  the  binding  properties  of  each  scFv  phage 
batch  were  analyzed  by  flow  cytometry  on  tumor  cells  expressing 
high  affinity  integrin  av/13.  scFv  phage  was  tested  in  the  presence  of 
calcium  on  M21  human  melanoma  cells  that  carry  activated  av/13  and 


on  MDA-MB  435  cells  which  express  mutant  (Xv/?3d723r-  b  scFv 
phage  organ  distribution  in  the  mouse  model.  Phage  were  injected 
i.v.,  i.p.  or  applied  intranasally  to  non-tumor  bearing  mice  to 
determine  phage  organ  distribution  24  h  later 
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reach  sites  that  are  most  frequently  involved  in  metastasis, 
we  chose  the  intraperitoneal  route  for  scFv  phage  treatment 
of  tumor  bearing  animals,  as  this  route  lead  to  high  phage 
tissue  recovery  and  can  be  used  repeatedly  for  treatment. 

Treatment  of  metastatic  disease  with  scFv  antibodies 
targeting  activated  integrin  av/13 

Metastasis  was  induced  in  SCID  mice  by  injecting  MDA- 
MB-435  human  metastatic  cancer  cells  [19,  20]  into  the 
venous  circulation.  The  tumor  cells  were  stably  tagged  with 
firefly  luciferase  to  follow  their  growth  and  response  to 
treatment  based  on  non-invasive  longitudinal  measure¬ 
ments  by  bioluminescence  signal  of  whole  body  imaging. 
For  the  treatment  studies,  scFv  phage  purification  was 
optimized  to  remove  endotoxin,  and  it  was  verified  that 
phage  injection  had  no  adverse  side  effects.  Metastatic 
burden  was  monitored  in  each  animal  over  time  and  mea¬ 
sured  based  on  photon  flux  (p/s/cm").  The  fold-change  in 
lesion  growth  under  treatment  was  calculated  by  compar¬ 
ing  lesion  growth  during  a  given  number  of  days  before 
treatment  and  the  same  number  of  days  under  treatment. 

An  overview  of  treatment  responsiveness  in  animals 
with  advanced  metastatic  burden  and  response  types  is 
given  in  Table  1.  The  results  indicate  that  scFvl  or  scFv5 
treatment  interfered  with  in  vivo  growth  of  metastatic 
lesions  in  a  significant  number  of  animals  compared  to 
treatment  controls  ( P  =  0.0164  by  Fisher  exact  test). 


Table  1  Overview  of  treatment  responsiveness  in  animals  with 
advanced  metastatic  burden  and  response  types 


Response  category 

ScFvl 

ScFv5 

Control 

Progression 

7/19 

9/15 

15/16 

Stabilization 

4/19 

1/15 

1/16 

Reduced  progression 

4/19 

3/15 

0/16 

Regression 

4/19 

2/15 

0/16 

Response  categories:  fold-changes  in  overall  lesion  growth,  p/sec/cm2, 
comparing  same  time  span  before  and  under  treatment 


Progression:  > 1.3-fold 
Stabilization:  0.7-1.3-fold 
Reduced  progression:  0.1-0.7-fold 
Regression:  <0.1 -fold 

Compared  to  controls,  treatment  response  was  seen  in  a  significant 
number  of  animals  receiving  scFvl  or  scFv5  (P  =  0.0164.  Fisher 
exact  test).  There  was  no  significant  difference  between  responses  to 
scFvl  compared  to  scFv5  (P  =  0.55,  Fisher’s  exact  test) 

For  comparison  of  responses  between  the  three  groups,  scFvl,  scFv5, 
and  controls,  we  note  that  the  overall  likelihood  ratio  chi-squared 
statistic  with  six  degrees  of  freedom  may  be  partitioned  into  two 
independent  components,  each  with  three  degrees  of  freedom:  the  first 
component  corresponds  to  comparison  of  scFvl  vs  scFv5,  and  the 
second  component  corresponds  to  the  comparison  of  controls  to  the 
pooled  scFvl/scFv5  category  [45] 


Treatment  response  measurements  initially  focused  on 
lung  lesions  because  these  represented  the  strongest  burden 
and  were  consistently  found.  Figure  2  shows  mice  where 
metastatic  lesions  were  allowed  to  develop  for  56  days 
before  starting  i.p.  treatment  with  scFvl  or  scFv  5  phage 
(5  x  1010).  The  animals  in  panels  A-C  had  received 
1  x  105  tumor  cells  and  were  treated  every  48  h  for  7  days 
(four  doses).  The  percentage  of  responding  animals  was 
57%  in  the  scFvl  group,  and  60%  in  the  scFv5  group.  To 
challenge  the  therapeutic  approach  and  assess  treatment 
responses  in  mice  with  even  stronger  metastatic  burden, 
mice  as  shown  in  panel  D  were  injected  with  2.5  x  105 
tumor  cells  and  received  treatment  on  day  56  given  every 
24  h  (eight  doses).  Under  these  conditions,  the  response 
rate  was  75%  in  the  scFvl  group,  and  25%  in  the  scFv5 
group.  All  control  animals  showed  continuous  lesion  pro¬ 
gression.  Treatment  efficacy  of  scFvl  was  higher  than  that 
of  scFv5.  This  finding  corresponds  to  an  enhanced  potency 
of  scFvl  for  interfering  with  av/?3  integrin  ligand  binding, 
as  shown  below.  The  results  indicate  that  targeting  the  high 
affinity  form  of  integrin  av/?3  can  impact  advanced  meta¬ 
static  burden  and  slow  its  growth. 

To  emulate  a  clinical  situation  where  patients  may 
present  with  widespread  advanced  metastatic  disease  to 
multiple  organs,  and  to  monitor  treatment  response  of 
lesions  at  individual  target  sites,  we  injected  SCID  mice 
i.v.  with  a  subline  of  MDA-MD  435  (MDA-MB  435  met) 
that  we  selected  in  vivo.  This  subline  expresses  intrinsi¬ 
cally  activated  integrin  av/13,  and  consistently  causes 
multiorgan  metastasis.  All  injected  mice  developed  meta¬ 
static  lesions  in  multiple  target  organs,  including  the  brain, 
lymph  nodes,  liver,  spleen,  bone,  kidneys  and  lungs.  We 
selected  the  animals  with  the  highest  tumor  burden  and  the 
most  widespread  metastasis  for  therapy  with  scFvl  or  scFv 
5  phage.  Individual  animals  had  metastases  in  up  to  three 
different  organs.  In  all  cases,  these  included  the  lung.  The 
animals  were  treated  every  24  h  for  7  days  with  5  x  10 10 
scFvl  or  scFv5  phage,  and  lesion  growth  was  monitored  by 
bioluminescence  imaging.  The  results  are  summarized  in 
Table  2,  reporting  regression  of  pulmonary  and  extrapul- 
monary  metastases  in  the  treatment  groups.  Examples  of 
regression  in  renal  metastases  in  response  to  only  three 
doses  of  scFvl  treatment  are  shown  in  Fig.  3.  In  one  case, 
an  adrenal  lesion,  clearly  documented  before  treatment, 
disappeared  and  was  no  longer  detectable  by  non-invasive 
whole  body  imaging  (Fig.  3a  Mouse  1)  or  by  ex  vivo 
imaging  of  the  excised  organ.  In  another  case,  a  large 
adrenal  lesion  clearly  regressed  in  response  to  scFvl 
(Fig.  3a  Mouse  2). 

Metastatic  lesions  in  different  organs  within  the  same 
animal  sometimes  showed  distinct  responses  to  treatment. 
There  was  no  apparent  correlation  between  lesion  size  at 
the  beginning  of  treatment  and  the  ability  to  respond. 
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Fig.  2  Lung  metastases  regress  in  response  to  treatment  with  scFv  1  or 
scFv  5.  F-Iuc  tagged  MDA-MB-435  cells  were  injected  i.v.  and  lesion 
development  monitored  by  non-invasive  bioluminescence  imaging 
(photons/second/cm2)  over  time.  Treatment  with  scFv  phage  (5  x  1010 
per  dose)  started  on  day  56  post  tumor  cell  injection,  a  Examples  of 
non-  invasive  bioluminescence  imaging  of  representative  animals  that 
had  received  1  x  105  tumor  cells  before  treatment  on  day  49,  at 
treatment  onset  on  day  56,  and  after  four  doses  of  treatment  on  day  63. 
Reduced  progression  in  lung  lesions  is  seen  after  treatment  with  scFv  1 
but  not  with  Wt-phage.  b  Response  to  treatment  given  every  48  h  (four 
doses).  Fold-changes  of  lesion  growth  were  calculated  based  on  growth 
during  7  days  before  treatment  compared  to  7  days  under  treatment. 
ScFvl -phage  treatment  yielded  a  57%  animal  response  rate  in  lung 
burden  and  one  animal  with  stabilization  of  lesion  growth.  ScFv5- 


phage  treatment  resulted  in  a  60%  animal  response  rate  for  lung  burden. 
Wt-phage  gave  no  reduction  in  tumor  growth,  c  Non-invasive 
bioluminescence  imaging  of  lung  burden  (photons/second/cm2)  over 
time  before  and  during  treatment.  Animals  were  treated  every  48  h  for 
(four  doses).  Lung  lesion  growth  was  monitored  pre-treatment  (day  49- 
56)  and  during  treatment  until  day  63  (the  end  of  treatment).  Dashed 
vertical  lines  indicate  the  start  of  treatment  on  day  56.  Animals 
responding  to  treatment  are  colored,  d  Response  of  mice  with  very 
advanced  metastatic  burden,  induced  by  injecting  2.5  x  105  tumor 
cells,  to  treatment  given  every  24  h  (eight  doses).  Treatment  with  Wt- 
phage  gave  no  response,  whereas  regression  and  reduced  tumor 
progression  was  seen  in  the  scFv  treated  animals.  ScFvl -phage 
treatment  yielded  a  response  in  75%  of  the  animals,  and  scFv5-phage  in 
25%.  Animals  responding  to  treatment  are  colored 
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Table  2  Overview  of  regresssion  in  multiorgan  metastasis 


Regression 

ScFv  1 

ScFv  5 

Control 

Pulmonary  lesions 

3/9 

2/6 

0/7 

Extrapulmonary  lesions 

4/9 

0/6 

0/7 

Regression  of  metastatic  burden  was  based  on  comparing  lesion 
growth  during  the  same  time  before  versus  under  treatment,  measured 
by  bioluminescence  imaging  and  fold-changes  in  photon  flux  (p/sec/ 
cm2)  as  in  Table  1.  Due  to  the  heterogeneity  of  lesion  burden  and 
organ  involvement,  only  regression  responses  are  shown,  and  pul¬ 
monary  versus  extrapulmonary  lesions  are  listed  separately.  Consid¬ 
ering  responses  of  lesions  at  all  sites,  scFvl — but  not  scFv5 — lead  to 
regression  of  multi-organ  metastasis  in  a  significant  number  of  ani¬ 
mals  (7/9  scFvl,  2/6  scFv5,  0/7  control;  P  =  0.0073  Fisher’s  exact 
test) 

Differences  in  the  vascularity  of  the  lesions  and  vascular 
functionality,  as  well  as  heterogeneity  of  individual  lesions 
might  contribute  to  this  observation.  Overall,  scFvl  treat¬ 
ment  induced  regression  in  multi-organ  metastasis  more 
efficiently  than  scFv5.  All  animals  treated  with  control 
phage  showed  continuous  progression  in  individual  lesions 
and  overall  tumor  burden. 

In  vivo  localization  of  scFv  to  metastatic  lesions 
and  in  situ  treatment  response 

Flaving  evidence  that  scFvl  or  scFv  5  treatment  directed 
against  the  high  affinity  conformer  of  integrin  zv/13  can 
interfere  with  advanced  metastatic  growth,  we  investigated 
whether  the  antibodies  actually  reached  the  tumor  cells 
within  metastatic  lesions  to  assess  whether  the  tumor  cells 
are  direct  targets  of  this  treatment.  To  track  the  antibodies 
in  lesion  bearing  animals  that  had  received  scFvl  or  scFv5, 


the  animals  were  terminally  perfused  24  h  after  the  last 
antibody  dose  and  cryosections  prepared  of  control  and 
tumor  bearing  organs.  Tumor  cells  were  identified  by 
staining  for  human  CD44  [21]  (dark  blue  in  Fig.  4a),  and 
scFv  phage  was  detected  with  anti-M13  (brown  in  Fig.  4a 
or  red  fluorescence  in  b).  As  indicated  in  Fig.  4a,  showing 
phage  signal  within  metastatic  lesion  tissue  particularly  at 
higher  magnification  (right  panel),  and  clearly  seen  by 
imunofluorescence  staining  in  Fig.  4b,  ScFvl  and  scFv  5 
phage  specifically  accumulated  within  metastatic  lesions 
and  in  their  immediate  proximity.  This  was  observed  in 
different  organs  with  metastatic  burden,  but  not  in  non¬ 
tumor  bearing  tissues.  Wild  type  phage,  used  as  a  control, 
did  not  accumulate  at  tumor  lesions.  Non-tumor  bearing 
tissues  sporadically  showed  a  faint  signal  for  wild  type 
phage,  but  not  associated  with  any  specific  cell  type.  Fig¬ 
ure  4  documents  that  scFvl  and  scFv5  phage  localized  to 
lung  or  lymph  node  metastases.  In  some  cases,  scFv  signal 
was  found  directly  associated  with  the  tumor  cells.  An 
example  of  a  lung  lesion  is  shown  by  deconvolution 
microscopy  in  Fig.  4b  (bottom  row).  These  results  indicate 
that  the  ligand  mimetic  antibodies,  directed  against  the 
activated  conformer  of  integrin  av/13,  localized  to 
advanced  metastatic  lesions  in  the  mouse  model  in  a 
therapeutic  setting.  Integrin  av/?3  is  known  to  be  a  key 
player  in  angiogenesis,  and  the  activated  form  of  the 
receptor  is  expressed  by  sprouting  endothelial  cells  [22]. 
We  found  that  the  patient  derived  antibodies,  scFvl  and 
scFv5,  react  with  the  murine  antigen  (by  flow  cytometry  on 
proliferating  murine  endothelial  cells  and  the  Bend3 
endothelial  cell  line,  not  shown).  However,  there  was  no 
difference  in  micro  vessel  density  within  lung  tumor 
lesions  in  control  versus  antibody  treated  animals.  This  was 
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Fig.  3  Examples  of  extrapulmonary  lesion  regression  under  treat¬ 
ment  with  scFv  1.  a  F-luc  tagged,  in  vivo  selected  and  highly 
metastatic  MDA-MB-435-met  cells  were  injected  i.v.  to  induce 
multiorgan  metastasis.  Metastatic  progression  was  monitored  by  non- 
invasive  bioluminescence  imaging  (photons/second/cm2)  over  time. 


In  these  examples,  the  location  of  renal  lesions  is  circled  and  shown 
3  days  before  treatment,  at  the  beginning  of  treatment,  and  after  three 
daily  doses  of  scFvl  phage,  b  Fold-change  in  renal  lesion  growth, 
calculated  based  on  signal  change  during  3  days  before  and  3  days 
under  treatment 
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Fig.  4  Localization  of  scFvl  or  scFv  5  phage  to  areas  in  and  around 
metastatic  lesions  in  mice  with  multi-organ  metastasis,  a  Immuno- 
histochemical  detection  of  phage  homing  to  metastases  in  the  lungs 
and  lymph  node.  ScFv  phage,  or  wt  control  phage,  were  injected  i.p. 
daily  for  7  days  into  tumor  bearing  mice.  24  h  after  the  last  scFv  dose, 
the  animals  were  terminally  perfused  and  frozen  tissue  sections 
stained  with  mAb  29.7  ( dark  blue),  specific  for  human  CD44 
indicating  the  tumor  cells,  and  anti-M  1 3  mAb  to  detect  phage  (DAB, 
brown).  Animals  treated  with  wt-phage  did  not  show  phage  locali¬ 
zation  to  tumor  metastases  (left  panels),  but  lung  metastasis  from 
scFv5-phage  treated  animals  showed  phage  localization  in  the  tumor 
proximity  as  well  as  within  the  lung  lesion  (middle).  A  lymph  node 
metastasis  from  an  animal  treated  with  scFvl -phage  showed  phage 
localizing  to  the  tumor  bulk  as  well  as  to  the  outer  border  of  the  lesion 
(right).  Controls  treated  with  secondary  antibody  and  substrate  did  not 


show  specific  staining  in  or  around  any  lesions.  Scale  bars  indicate 
100  pm.  b  Fluorescence  microscopy  detecting  phage  (red).  (Upper 
row)  M13  phage  was  detected  in  and  around  lung  metastases  of 
scFvl -phage  treated  animals  (right),  as  well  as  within  the  near 
proximity  of  the  tumor  lesions  (second  right),  with  minimal  phage 
signal  in  the  unaffected  lung  tissue  away  from  a  tumor  lesion  (left). 
Lymph  node  metastasis  showed  scFvl -phage  localization  in  the  tumor 
mass  and  within  the  tumor  proximity  (second  left,  top  and  bottom). 
Animals  treated  with  wt-phage  showed  no  specific  staining  in  tumor 
lesions.  Only  a  weak  signal  was  sometimes  seen  in  non-tumor  bearing 
parts  of  the  tissues,  comparable  to  that  seen  for  scFv  phage  in 
unaffected  areas  of  lung  tissue  (lower  left).  Using  optical  sectioning 
and  deconvolution  of  z-stack  images,  scFv  phage  was  specifically 
detected  associated  with  tumor  cells  (lower  second  right).  Scale  bars 
indicate  100  pm 
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measured  on  anti-  CD34  stained  step  sections  covering 
600-800  pm  depth  of  lung  tissue  (data  not  shown).  There 
was  a  tendency  for  fewer  lesions  in  the  lungs  of  animals 
responding  to  treatment  ( 1-9  lesions)  compared  to  controls 
(10-25  lesions). 

To  investigate  how  scFv  treatment  targeting  the  acti¬ 
vated  conformer  of  integrin  av/53  affects  lesion  develop¬ 
ment  in  vivo,  we  studied  cell  cycle  marker  expression  in 
lung  metastases  that  responded  to  scFv  treatment.  Com¬ 
pared  to  controls,  the  number  of  proliferating  Ki67-positive 
cells  was  significantly  reduced  in  lesions  responding  to 
treatment  (Fig.  5a).  Expressed  as  percent  area  covered  by 
Ki67  signal  of  total  lesion  area  measured,  the  mean  Ki67 
reactivity  in  control  and  non-responding  lesions  was 
38.1  ±  6.9,  and  19.9  ±  7.4%  in  responding  lesions 
(P  =  0.0159).  In  addition,  the  responding  lesions  showed 
enhanced  infiltration  by  activated  macrophages  (F4/80 
signal;  Fig.  5b).  The  results  indicate  that  scFv  treatment 
affected  the  growth  rate  of  metastatic  lesions  at  the  cellular 
level  and  involved  host  cell  responses.  These  responses 


potentially  helped  to  clear  apoptotic  or  dead  tumor  cells, 
which  were  rarely  detected  (not  shown). 

Inhibition  of  receptor-ligand  binding  at  the  molecular 
level 

To  investigate  mechanisms  involved  in  the  observed 
treatment  responses,  we  studied  the  interactions  of  the 
ligand-mimetic  antibodies  and  integrin  av/13  at  the 
molecular  and  cellular  levels. 

To  assess  molecular  interactions  between  integrin  av/13 
and  the  scFv  antibodies,  we  analyzed  their  ability  to  interfere 
with  ligand  binding  to  the  purified  receptor.  Vitronectin, 
fibronectin  and  fibrinogen  are  natural  ligands  of  av/13  in 
extracellular  matrices  and  plasma.  A  hallmark  characteristic 
of  the  activated  conformer  of  av/13  is  that  the  receptor  can 
recognize  these  ligands  as  soluble  proteins.  Incubation  of  the 
biotinylated  proteins  with  immobilized  ocv/13  in  the  presence 
of  cations  and  increasing  concentrations  of  the  antibodies 
showed  that  scFv  1  and  scFv  5  efficiently  interfered  with 
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Fig.  5  Effects  of  scFv  treatment  on  tumor  cells  in  vivo  and  host  cell 
infiltration  a  Ki67  staining  of  lung  metastases  treated  with  wt-phage 
or  scFvl/5-phage  ( top  panel).  Lesions  in  animals  responding  to 
treatment  showed  fewer  proliferating  cells.  Percent  area  covered  by 
Ki67  signal  relative  to  lesion  area  measured.  H&E  staining  of  the 


lesions  (lower  panel),  b  F4/80  macrophage  staining  of  lung  metas¬ 
tases  in  mice  treated  with  wt-phage  or  scFv  1/5 -phage.  An  increased 
infiltrate  was  seen  in  lesions  responding  to  treatment.  Percent  area 
covered  by  F4/80  signal  relative  to  lesion  area  measured.  Scale  bars 
indicate  100  pm  in  all  sections 
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Fig.  6  Inhibitory  and  binding  properties  of  scFv  1  and  scFv5. 
a  Biotinylated  natural  ligands  of  otv/J3:  vitronectin  (V7V),  fibronectin 
( FN)  or  fibrinogen  ( Fg ;  10  pg/ml)  were  incubated  with  purified 
immobilized  av/13  receptor  protein  in  TBS  containing  Ca2+,  Mg2+, 
and  Mn2+  (1  mM  each),  in  the  presence  of  increasing  concentrations 
of  purified  scFv  protein.  A  non-function  blocking  scFv  directed 
against  the  integrin  av  subunit,  scFv  20,  was  used  as  a  control,  b  Flow 
cytometric  binding  analysis  of  fluorescinated  scFv5  protein  and 
MDA-MB  435  human  tumor  cells,  expressing  either  activated  high- 
affinity  ccvfl 3d723r  or  non-activated  av/?3WT.  Binding  was  experi¬ 
mentally  maximized  in  the  presence  of  Mn2+,  known  to  induce  a  high 
affinity  state  in  integrin  heterodimers.  Using  a  Mn2+  concentration 
(25  pM)  that  supports  suboptimal  scFv5  binding  to  tumor  cells 


expressing  activated  av/J 3d723r.  antibody  was  titrated  to  determine 
binding  saturation,  c  Kinetics  of  scFv  cell  association  and  dissociation 
were  analyzed  by  flow  cytometry  with  FITC-labeled  scFv  protein  at 
half  maximal  Mn2+  concentration  and  saturating  scFv  concentration, 
using  MDA-MB-435^3D723r  cells.  (Left)  Association  time  was 
measured  after  removing  unbound  ligand  in  10  min  intervals.  (Right) 
Dissociation  was  determined  after  allowing  cells  to  bind  scFv  for  1  h 
to  reach  binding  saturation,  followed  by  removal  of  unbound  ligand, 
washing  and  measuring  scFv  that  remained  bound  in  10  min  intervals. 
FITC-labeled  Fg  was  used  as  a  natural  ligand  for  comparison.  All 
incubations  were  done  on  ice  using  ice-cold  buffers  to  prevent  scFv  or 
ligand  internalization.  No  binding  was  detected  in  the  absence  of 
divalent  cations 


av/33  ligand  binding  (Fig.  6a).  The  half  maximal  inhibitory 
concentrations  (IC50)  for  scFv  1  were  1.25  nM  for  vitro¬ 
nectin,  0.71  nM  for  fibronectin,  and  0.35  nM  for  fibrinogen. 
For  scFv  5,  the  IC50  values  were  25  nM  for  vitronectin, 
12.5  nM  for  fibronectin,  and  10.7  nM  for  fibrinogen. 
ScFv20  used  as  a  control  antibody  failed  to  inhibit.  While 
patient  derived  scFv  antibodies  scFv  1  and  scFv  5  contain 
the  RGD  integrin  binding  motif  within  their  CDR-H3 
regions  and  are  specific  for  av/13,  scFv  20  lacks  the  RGD 
motif,  does  not  block  function  and  detects  av  integrins 
regardless  of  their  f(  subunit  association  [17].  The  results 
demonstrate  that  scFvl  and  scFv  5  have  a  high  affinity  for 
2v/)3  and  compete  very  effectively  with  ligands  binding  to 
this  receptor.  The  increased  inhibitory  efficacy  of  scFvl  over 


scFv5  at  the  molecular  level  is  reflected  in  the  increased 
anti-cancer  efficacy  of  scFvl  seen  in  vivo. 

Characteristics  of  scFv  binding  to  human  tumor  cells 
expressing  activated  integrin  ocv/13 

To  understand  inhibitory  activities  of  scFvl  and  scFv5  on 
tumor  cell  functions  that  rely  on  integrin  av/13  and  might 
promote  metastasis,  we  analyzed  interaction  between  the 
scFvs  and  tumor  cell  expressed  av/?3.  Integrin  binding  of 
natural  ligands  in  their  soluble  form  requires  the  high 
affinity  state  of  the  receptor  [23].  Furthermore,  tumor  cells 
within  target  tissues  interact  dynamically  with  components 
of  the  extracellular  matrix  and  derive  signals  from  their 
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matrix  environment  for  survival  and  growth.  To  investigate 
the  binding  characteristics  of  tumor  cell  expressed  high 
affinity  av/?3  and  the  ligand  mimetic  scFvs,  we  analyzed 
cellular  association  and  dissociation.  All  scFv  cell  binding 
experiments  were  carried  out  at  0°C  to  prevent  internali¬ 
zation.  Flow  cytometry  binding  analysis  of  fluorescinated 
scFv5  protein  and  MDA-MB  435  human  metastatic  cancer 
cells,  expressing  either  activated  high-affinity  ixv/13d723r  or 
non-activated  av/?3wT>  indicated  that  the  ligand-mimetic 
antibody  depended  on  zv/j3  activation  for  efficient  binding. 
Binding  was  experimentally  maximized  in  the  presence  of 
Mn2+  (Fig.  6b,  left  panel),  a  cation  known  to  induce  a  high 
affinity  state  in  integrin  heterodimers  [24-26].  Using  a 
Mn2+  concentration  (25  pM)  that  supports  suboptimal 
(75%)  scFv5  binding  to  tumor  cells  expressing  the  intrin¬ 
sically  activated  receptor  ( />3|)723r  mutant),  we  titrated  the 
antibody  to  determine  binding  saturation.  Saturable  binding 
in  the  presence  of  divalent  cations  indicated  specificity  and 
cation  dependence  (Fig.  6b,  right  panel).  These  findings 
underscore  the  ligand  mimetic  nature  of  the  scFv  anti¬ 
bodies  and  define  conditions  suitable  to  determine  cellular 
association  and  dissociation  of  the  antibodies.  The  associ¬ 
ation  and  dissociation  characteristics  are  important  for 
understanding  the  therapeutic  potential  of  the  antibodies 
and  their  ability  to  interfere  with  established  av/?3  ligand 
interactions.  Such  interactions  support  tumor  cell  integra¬ 
tion  and  growth  within  target  tissues  of  metastasis. 

Using  tumor  cells  expressing  intrinsically  activated 
av/i 3D723r  and  25  pM  Mn2+,  we  found  that  the  ligand 
mimetic  antibodies  scFv  1  and  scFv5  exhibit  a  fast  cellular 
association  rate,  with  half  maximal  binding  observed  after 
5  min,  the  earliest  measured  time  point  (shown  for  scFv  5  in 
Fig.  6c,  left  panel).  In  contrast,  scFv  dissociation  after 
binding  saturation  was  exceedingly  slow,  with  only  22% 
binding  loss  after  160  min,  whereas  binding  of  fibrinogen,  a 
natural  ligand  of  av/13,  was  reduced  by  50%  after  60  min, 
and  88%  after  120  min  (Fig.  6c,  right  panel).  These  results 
indicate  that  the  ligand  mimetic  antibodies  can  occupy  the 
receptor  efficiently  and  stay  bound  for  prolonged  periods  of 
time.  Thereby  the  antibodies  may  displace  natural  ligands 
that  dissociate  off  the  receptor.  Based  on  these  properties,  the 
antibodies  efficiently  interfere  with  dynamic  y.v/13  mediated 
cell  adhesive  functions  during  cell  migration  and  invasion  as 
previously  seen  in  vitro  [17].  Importantly,  the  observed  scFv 
cell  binding  characteristics  likely  enable  the  antibodies  to 
interfere  with  tumor  cell  behavior  in  vivo  and  to  disrupt 
established  tumor  cell  adhesion  mediated  by  integrin  av/?3. 

Analysis  of  caspase-3  activation 
by  the  RGD-containing  scFv  antibodies 

The  in  vivo  responses  to  treatment  with  the  av/13  ligand- 
mimetic  scFv  antibodies  may  have  diverse  underlying 


reasons.  The  antibodies  could  exert  their  therapeutic  effects 
primarily  through  their  ligand-mimetic  nature  interfering 
with  zv/f3  ligand  binding.  However,  additional  mecha¬ 
nisms  may  also  be  involved.  We  previously  showed  that 
scFv  1  and  scFv  5  are  internalized  by  tumor  cells 
expressing  activated  integrin  av/13  and  induce  apoptosis 
[17].  We  therefore  reasoned  that  the  internalized  RGD- 
containing  scFvs  might  interact  with  intracellular  proteins, 
such  as  the  apoptosis  inducing  caspase-3.  Caspase-3  con¬ 
tains  a  putative  RGD  binding  site,  close  to  its  Asp175 
cleavage  site  (Asp- Asp-Met,  DDM)  [27,  28].  A  previously 
reported  intriguing  concept  suggested  that  cell  internalized 
RGD  peptides  might  induce  apoptosis  by  directly  binding 
and  activating  caspase-3  [27,  29,  30].  To  explore  if  such  a 
mechanism  might  be  involved  in  the  observed  anti-meta- 
static  properties  of  the  RGD  containing  scFv  antibodies,  we 
verified  that  the  tumor  cells  used  in  our  treatment  study 
expressed  caspase-3,  and  analyzed  if  the  scFvs  could 
directly  interact  with  caspase-3  and  activate  the  enzyme. 

We  confirmed  caspase-3  expression  in  MDA-MB-435 
human  tumor  cells  used  in  our  in  vivo  treatment  study 
(Fig.  7a).  MCF7  cells  lacking  caspase-3  [31]  were  used  as 
negative  control,  and  SKBr3  [32]  as  positive  control.  To 
investigate  if  RGD  containing  scFv  1  and  scFv  5  can 
directly  bind  caspase-3,  we  analyzed  whether  the  scFvs 
immuno-precipitate  caspase-3  from  tumor  cell  lysates,  or  if 
the  scFvs — added  to  tumor  cell  lysates — could  be  co- 
immunoprecipitated  with  anti-caspase-3.  We  found  no 
evidence  of  scFvs  caspase-3  interaction  (not  shown).  Fur¬ 
thermore,  we  found  no  interaction  between  recombinant 
caspase-3  and  RGD-containing  scFvl  or  scFv5  by  ELISA 
under  various  cation  conditions  known  to  affect  RGD 
binding  (Fig.  7b). 

Once  internalized  by  cells,  RGD-containing  proteins 
might  transiently  interact  with  caspase-3  in  a  biologically 
relevant  but  difficult  to  detect  manner.  Considering  the 
therapeutic  effects  on  metastatic  growth  by  the  RGD-con¬ 
taining  scFvs  in  our  animal  model,  we  therefore  investi¬ 
gated  whether  the  scFvs  could  contribute  to  caspase-3 
activation  in  cell  lysates  and  by  using  recombinant  human 
caspase-3  protein.  Hypotonic  lysates  of  293A  cells, 
deprived  of  mitochondria  and  containing  caspase-3,  were 
readily  activated  by  addition  of  cytochrome  c  and  dATP  to 
form  apoptosomes  that  can  activate  caspase-3  (Fig.  7c,  d). 
Cofactors  in  these  gently  generated  lysates  promote  the 
stability  of  procaspase-3  and  support  its  activation.  In 
contrast,  RGD-containing  scFv  5,  or  RGD  peptides, 
showed  no  induction  of  caspase-3  activity  over  RGE-con- 
taining  scFv  Mut5,  or  RAD,  as  negative  controls.  Similar 
results  were  obtained  despite  increasing  scFv  concentra¬ 
tions,  and  after  investigating  the  kinetics  of  caspase-3 
activation  by  continuous  measurement  of  substrate  cleav¬ 
age  over  time  (Fig.  7d).  Likewise,  reducing  the  complexity 
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Fig.  7  Caspase-3  expression  in  the  target  tumor  cells  and  analysis  of 
caspase-3  binding  and  activation  by  RGD-containing  scFvl  and 
scFv5.  a  (Top)  Western  blot  analysis  of  caspase-3  expression  in 
MDA-MB-435,  MCF-7  (negative  control)  and  SKBR-3  (positive 
control)  cells.  ( Bottom )  Verification  for  procaspase-3  by  immunopre- 
cipitation  of  caspase-3  from  tumor  cell  lysates,  b  ELISA-based 
analysis  of  caspase-3  and  scFv  antibody  interaction.  Plates  were 
coated  with  recombinant  pro-caspase-3  or  BSA  (negative  control)  or 
scFv  5  (positive  control).  Addition  of  RGD-containing  scFv  5  or 
RGE-containing  scFv  Mut  5  antibody,  at  concentrations  as  indicated 
showed  no  specific  binding  to  caspase-3.  c  Analysis  of  caspase-3 
activation  by  scFv  antibodies.  Hypotonic  cell  lysates,  depleted  of 
mitochondria,  were  combined  with  either  scFv  5  or  scFvMut  5 
(4  pM),  or  RGD  or  RAD  peptides  ( 1  mM)  (left  panel).  Cytochrome 
c/dATP  were  used  as  positive  control  and  PBS  as  negative  control  in  a 

of  the  assay  system  further  and  using  recombinant  caspase- 
3  to  ensure  that  the  reaction  and  potential  interaction 
between  caspase-3  and  scFv  antibody  was  not  influenced 
by  components  present  in  cells  or  cell  lysates,  did  not 
reveal  RGD  induced  caspase-3  activation  (Fig.  7d,  right). 
Thus,  these  results  make  it  very  unlikely  that  the  inter¬ 
nalized  RGD-containing  antibodies  scFvl  or  scFv5  induce 
apoptosis  by  direct  activation  of  caspase-3.  We  therefore 
conclude  that  the  inhibitory  properties  and  in  vivo  treat¬ 
ment  effects,  that  the  antibodies  exerted  on  tumor  cells 


bioluminescence  assay.  Cytochrome  c  and  dATP  were  able  to  activate 
caspase-3  in  the  lysates,  whereas  all  other  samples  showed  only 
background  signal.  A  higher  scFv  concentration  was  used  to  verify 
the  lack  of  activation  (10  pM)  in  the  presence  of  Mg2+  (right  panel), 
d  Continuous  measurement  of  caspase-3  activity  in  cell  lysates  based 
on  chromogenic  substrate  reaction.  Cleavage  of  colorimetric  capsase 
3  substrate  N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide  (Ac-DEVD- 
pNA)  was  measured  after  combining  hypotonic  cell  lysates  with 
either  scFv  5  or  scFvMut  5  (2  pM).  Absorption  was  measured 
continuously  for  2  h  at  37°C  (left  panel).  Activation  measurement  of 
recombinant  caspase-3  by  scFv  5  or  scFvMut  5  in  the  presence  of 
Mg2+  using  Granzyme  B  as  positive  and  PBS  as  negative  control. 
After  30  min  incubation  at  37°C,  Glo  reagent  was  added  and 
bioluminescence  measured  after  30  min  incubation  at  RT  (right 
panel) 

expressing  the  activated  conformer  of  integrin  av/?3  and 
their  metastatic  lesions,  are  most  likely  based  on  the  ability 
of  the  antibodies  to  interfere  efficiently  with  ligand  binding 
to  the  target  integrin. 

Discussion 

Metastatic  disease  is  mainly  treated  with  chemotherapy  to 
halt  tumor  growth  or  with  specific  inhibitors  of  receptors 
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and  pathways  to  interfere  with  tumor  cell  viability. 
Development  of  effective  combinations  of  such  therapies 
and  discovery  of  new  targets  are  urgently  needed  to 
improve  therapeutic  responses. 

Our  study  explored  the  high  affinity,  activated  con- 
former  of  integrin  av/13  on  metastatic  tumor  cells  as  a 
functional  target  for  therapy  with  human  antibodies  that 
specifically  recognize  and  block  this  form  of  the  receptor. 
We  showed  earlier  that  a  metastatic  subset  of  human  tumor 
cells  expresses  the  activated  integrin  and  uses  this  form  of 
the  receptor  for  successful  early  steps  of  dissemination  to 
distant  organs  [5].  Interestingly,  the  immune  repertoire  of 
cancer  patients  contains  antibodies  that  recognize  the  high 
affinity  form  of  av/?3.  These  antibodies  mimic  natural 
ligands  of  the  receptor  through  expression  of  an  RGD 
integrin-binding  motif  within  CDR-H3  of  the  antigen  rec¬ 
ognition  site.  This  feature  is  combined  with  specificity  for 
av/13  [17], 

Integrin  av/13  is  expressed  by  certain  invasive  tumor 
types,  such  as  metastatic  melanoma,  glioma,  and  breast 
cancer  [7-10,  13].  The  receptor  is  also  present  on  angio¬ 
genic  blood  vessels  [3]  and  serves  as  an  important  mediator 
to  secure  blood  supply  for  tumor  growth.  As  on  metastatic 
tumor  cells,  yv/13  is  activated  on  angiogenic  blood  vessels 
[33]  and  potentially  fulfills  similar  growth  promoting  and 
invasive  functions  of  the  sprouting  endothelial  cells.  Inte¬ 
grin  y\'j>3  antagonists,  targeting  the  receptor  regardless  of 
its  functional  activation  state,  have  been  used  in  animal 
models  and  recently  in  cancer  patients,  to  curb  angiogen¬ 
esis  and  slow  tumor  growth  [34].  In  the  clinic,  antibodies 
against  ocv/13  and  a  cyclic  peptide-based  inhibitor  of  avf}3 
and  yv/15  have  shown  promising  effects  [14].  MEDI-522,  a 
second  generation  humanized  anti-av/13  mAh  showed  low 
toxicity  and  induced  stable  disease  in  some  patients  with 
renal  metastasis  [35]. 

Generally,  integrin  ligation  supports  signal  transduction 
that  promotes  cell  survival,  migration  and  proliferation 
[36].  Transient  expression  of  the  high  affinity  form  of 
certain  integrins  in  normal  cells  is  tightly  regulated  and 
necessary  for  specific  functions.  These  include  leukocyte 
and  platelet  interaction  with  the  vessel  wall  during  immune 
reactions  and  hemostasis  [37].  Expression  of  activated 
y.\>l>3  and  the  constitutive  presence  of  the  high  affinity 
receptor  on  disseminating  tumor  cells  may  be  key  for 
metastatic  progression.  Thus,  therapeutic  targeting  of  the 
high-affinity  conformer  of  av/13  could  offer  a  focused 
strategy  for  interfering  with  metastatic  growth  and  angio¬ 
genic  support. 

Here,  we  show  that  treatment  of  experimental  mice  with 
advanced  metastatic  disease  induced  by  human  tumor  cells 
expressing  activated  av/?3,  can  stabilize  lesion  growth  and 
block  progression.  We  applied  scFv  fragments  of  patient 
derived  antibodies  against  the  high  affinity  form  of  acv/13 


displayed  on  phage.  This  approach  increases  scFv  valency 
and  in  vivo  half-life.  It  also  takes  advantage  of  the  phage 
tissue  penetration  properties.  In  the  clinic,  this  format  may 
not  be  not  preferred  but  could  be  replaced  with  multivalent 
scFvs,  Fab  fragments  or  whole  IgG,  possibly  coupled  to 
toxins  or  effector  molecules  [38].  The  scFv  format  could  be 
helpful  for  diagnosis  and  tumor  cell  tracing  to  report 
metastatic  disease  because  of  the  low  molecular  weight  of 
the  scFvs  (27  kDa)  and  their  rapid  clearance  from  the 
circulation  and  tissues  [18,  39].  To  gain  proof-of-principle 
information  on  whether  targeting  the  high  affinity  con- 
former  of  tumor  cell  integrin  ocv/?3  can  inhibit  advanced 
and  widespread  metastatic  disease,  we  increased  the  chal¬ 
lenge  for  the  therapeutic  potential  of  the  yyj>3  directed 
antibodies  and  accounted  for  a  spectrum  of  clinically  rel¬ 
evant  situations.  These  included  increased  tumor  burden  at 
the  beginning  of  treatment  and  the  involvement  of  multiple 
and  differently  affected  metastatic  sites.  The  observed 
clinical  responses  indicated  heterogeneity  in  the  metastatic 
burden  in  individual  animals  and  different  target  organs. 
This  situation  is  clinically  relevant  and  reflects  a  major 
challenge  for  new  therapeutic  approaches.  We  demon¬ 
strated  that  scFv  antibdody  phage  can  reach  metastatic 
lesions.  However,  it  is  possible  that  not  all  lesions  uni¬ 
formly  absorb  the  antibody  and  that  some  are  not  effi¬ 
ciently  reached  by  the  treatment  due,  at  least  in  part,  to 
irregularities  in  the  functionality  of  lesion  supporting  blood 
vessels. 

Generally,  we  found  that  scFvl  is  a  more  potent  inhib¬ 
itor  than  scFv5.  This  was  seen  in  the  animal  studies,  par¬ 
ticularly  under  clinically  more  challenging  conditions,  but 
also  at  the  molecular  level.  Characterizing  mechanisms 
involved  in  the  observed  therapeutic  response  of  advanced 
metastasis  to  treatment  with  scFvs  against  high  affinity 
integrin  ocv/13,  we  found  that  the  antibodies  specifically 
localize  to  metastatic  lesions  and  inhibit  yv/13  ligand 
binding  in  the  nanomolar  range.  ScFv  1  is  a  particularly 
potent  inhibitor  and  interferes  with  vitronectin  binding 
20-fold  more  effectively,  fibronectin  binding  17.6-fold 
more  effectively,  and  fibrinogen  binding  30.6-fold  more 
effectively  than  scFv5. 

Both  scFvs  associate  rapidly  with  av/13  on  tumor  cells 
and,  in  contrast  to  natural  ligand,  dissociate  extremely 
slowly.  This  finding  supports  the  concept  that  the  scFvs 
may  displace  natural  ligand  from  the  receptor  and  block  the 
integrin  efficiently.  This  is  relevant  during  adhesion  and 
migration  when  y.v/13  temporarily  dissociates  from  its 
natural  ligands.  Through  this  mechanism,  the  scFvs  likely 
exert  long-term  inhibitory  functions  and  may  effectively 
impact  tumor  cell  survival  and  growth  mediated  by  high 
affinity  av/13.  In  addition  to  inhibiting  activated  yv/13  on 
tumor  cells,  the  scFvs  might  interfere  with  tumor  angio¬ 
genesis.  We  found  that  the  ligand  mimetic  scFvs  react  with 
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the  murine  receptor.  However,  we  did  not  see  differences 
in  microvessel  density  in  lesions  of  control  versus  antibody 
treated  animals. 

It  is  well  known  that  RGD-containing  peptides  can 
induce  apoptosis  by  binding  to  integrins  and  blocking  their 
functions.  Several  intriguing  reports  suggested  an  addi¬ 
tional  mechanism  through  which  RGD-containing  mole¬ 
cules  might  impact  tumor  cell  survival  [27,  29,  30].  Upon 
cell  internalization,  RGD  peptides  were  proposed  to 
interact  with  an  RGD-binding  site  within  procaspase-3  [27, 
28].  It  was  claimed  that  interactions  between  the  RGD- 
binding  site  and  RGD-peptides  could  induce  auto-activa- 
tion  of  caspase-3.  This  concept  had  garnered  high  attention 
in  the  integrin  field  as  it  indicated  that  RGD  containing 
compounds  might  interfere  with  tumor  cell  viability  not  by 
inhibiting  integrin  mediated  adhesion,  but  directly  by 
triggering  an  apoptotic  response  through  activation  of 
caspase-3,  using  integrins  merely  as  docking  molecules  for 
cell  internalization.  In  fact,  we  showed  earlier  that  tumor 
cells  expressing  activated  av/?3  can  internalize  the  ligand 
mimetic  scFvs  used  in  this  study,  and  respond  with  apop¬ 
tosis  [17].  Because  of  the  clinical  relevance  of  our  finding 
that  the  RGD  containing  patient  derived  antibodies  could 
interfere  with  late  stage  metastasis,  we  systematically 
investigated  the  ability  of  the  RGD  containing  scFvs  and 
RGD  peptides  to  bind  and  directly  activate  tumor  cell 
caspase-3.  However,  we  did  not  detect  any  interaction 
between  caspase-3  and  the  scFvs  or  RGD-peptides.  In 
addition,  we  found  no  evidence  for  procaspase-3  activation 
in  cell  lysates  or  using  recombinant  caspase  protein. 
Therefore,  the  therapeutic  effects  of  the  RGD  containing 
antibody  fragments  are  most  likely  due  to  their  high  affinity 
to  av/13  and  potent  and  persistent  ability  to  interfere  with 
av/?3  ligation. 

Together,  our  results  indicate  that  the  high  affinity 
conformer  of  integrin  zv/13,  expressed  by  a  metastatic 
subset  of  human  tumor  cells,  is  a  promising  target  for 
inhibition  of  advanced  and  widespread  metastatic  disease. 
The  activated  receptor  can  be  efficiently  blocked  with 
antibodies  from  the  cancer  patient  immune  repertoire, 
which  interfere  with  metastatic  growth. 

Materials  and  methods 

scFv  protein  and  phage  production  and  preparation 
for  in  vivo  use 

ScFv  antibodies  directed  against  activated  integrin  av/13, 
svFvl  and  scFv  5,  [17]  were  displayed  as  pill  fusion  pro¬ 
teins  on  Ml 3  bacteriophage  and  expressed  in  E.  coli.  Phage 
or  scFv  protein  were  purified  as  described  [40],  For  in  vivo 
use,  endotoxin  was  removed  from  phage  preparations  by 


repeated  phase  separations  using  1%  Triton  X-114  [41]. 
Phage  was  further  purified  on  protein  purification  spin 
columns  (Pierce,  Rockford  IL)  and  sterile  filtered.  Phage 
titer  was  determined  by  infecting  E.coli  TGI  with  serial 
dilutions  (1  x  104— 1  x  1010-fold)  and  enumerating  colo¬ 
nies  on  carbenicillin  containing  agar  plates.  Phage  titers 
were  generally  around  lO'Vml. 

In  vivo  phage  distribution 

Phage  were  injected  i.v,  i.p  or  applied  intranasally  into 
non-tumor  bearing  mice  to  determine  phage  organ  distri¬ 
bution.  For  intranasal  gavage,  a  phage  volume  of  10  pi  was 
administered  directly  into  the  nostrils  in  2  pi  increments 
over  5  min.  The  organs  were  harvested  and  weighed  24  h 
after  phage  injection,  homogenized  in  PBS,  washed  and 
serially  diluted  to  infect  bacteria  before  counting  carbeni¬ 
cillin  resistant  colonies  to  calculate  the  number  of  phages 
per  gram  of  tissue. 

Analysis  of  scFv  cell  binding  by  flow  cytometry 

Before  use  in  animals,  each  scFv  phage  batch  was  analyzed 
by  flow  cytometry  for  binding  to  tumor  cells  expressing 
high  affinity  integrin  av/?3  in  the  presence  of  Ca2+  [17]. 
Phage-ScFvs  were  used  at  a  concentration  of  5  x  108  in 
TBS  and  incubated  with  cells  on  ice,  followed  by  murine 
anti-M13  mAb  10  pg/ml  (Exalpha  Biologicals,  Watertown, 
MA)  and  goat  FITC-anti  mouse  1:50  (Zymed,  San  Fran¬ 
cisco,  CA). 

In  vivo  treatment  of  metastatic  disease 

Advanced  metastatic  burden  for  analysis  of  treatment 
response  was  induced  by  tail  vein  injection  of  6-8  week 
old  CB.17  SCID  mice  with  1  x  105-2.5  x  10s  luciferase 
tagged  MDA-MB  435  or  MDA-MB  435-met  cells  (in  vivo 
selected  for  enhanced  metastatic  activity).  scFv  phage  were 
prepared  freshly  for  each  experiment  and  binding  activity 
validated.  Mice  were  assigned  to  experimental  groups 
based  on  non-invasive  imaging  (photon  flux  as  p/s/cm2; 
IVIS  200,  Caliper  Lifesciences,  Alameda,  CA)  so  that 
control  and  scFv  treatment  groups  included  animals  with  a 
similar  range  of  metastatic  burden.  Under  treatment, 
location  and  extent  of  lesion  growth  were  again  monitored 
by  bioluminescence  imaging,  followed  by  histology. 

Deeply  anesthetized  mice  were  terminally  perfused 
through  the  ascending  aorta  with  saline  followed  by  4% 
paraformaldehyde  (PFA).  The  perfused  organs  were  post- 
fixed  in  para  formaldehyde  for  4  h  before  transfer  into  25% 
sucrose  in  phosphate  buffer.  Frozen  tissues  were  cryo 
sectioned  (35  pm)  and  stored  in  cryoprotective  solution  at 
— 20°C.  For  analyses  of  phage  tissue  distribution  and  phage 
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titer,  animals  were  euthanized  24  h  after  the  last  phage 
injection  (i.v.,  i.p.,  or  intranasal)  and  organs  were  weighed 
and  homogenized,  followed  by  infection  of  bacteria  with 
the  extracts.  The  numbers  of  carbenicillin  resistant  colonies 
(bacteria  infected  with  phage)  were  counted,  and  phage 
count  was  normalized  to  phages  per  gram  of  tissue.  All 
animal  work  was  performed  in  accordance  with  The 
Scripps  Research  Institute  Animal  Resources  (AAALAC 
accredited). 

Definition  of  treatment  response  and  statistical  analysis 

Late  stages  of  metastatic  growth  present  a  high  level  of 
complexity  and  variations  in  the  extent  and  distribution  of 
metastatic  burden  from  experimental  animal  to  animal. 
Therefore,  we  chose  analysis  criteria  similar  to  “response 
evaluation  criteria  in  solid  tumors”  [42-44].  These  criteria 
are  used  in  clinical  trials  for  treatment  of  advanced  meta¬ 
static  disease  to  assess  individual  treatment  responses. 
Treatment  responses  were  evaluated  based  on  longitudinal 
measurements  of  tumor  cell  signal  by  non-invasive  biolu¬ 
minescence  imaging  of  metastatic  burden,  before  and 
during  treatment  in  each  animal.  If,  in  a  given  experiment, 
an  animal  was  treated  for  7  days,  then  lesion  growth  during 
the  7-day  period  before  treatment  was  compared  to  lesion 
growth  during  the  7  days  of  treatment.  The  difference  in 
tumor  growth  before  and  during  treatment  was  calculated. 
The  resulting  fold-changes  were  defined  as:  progression 
(>1. 3-fold),  stabilization  (0.7-1.3-fold),  reduced  progres¬ 
sion  (0.1-0.7-fold),  or  regression  (<0. 1-fold).  It  was  then 
determined  how  the  animals  in  each  group  distributed 
between  the  response  categories.  For  comparison  of 
responses  between  the  three  treatment  groups,  scFvl, 
scFv5,  and  wild  type  phage  as  control,  we  note  that  the 
overall  likelihood  ratio  chi-squared  statistic  with  six 
degrees  of  freedom  may  be  partitioned  into  two  indepen¬ 
dent  components,  each  with  three  degrees  of  freedom:  the 
first  component  corresponds  to  comparison  of  ScFvl  vs. 
ScFv5,  and  the  second  component  corresponds  to  the 
comparison  of  controls  to  the  pooled  ScFvl/ScFv5  cate¬ 
gory  [45].  We  report  Fisher  exact  tests  for  these  component 
comparisons. 

Immunohistochemistry 

To  detect  scFv  phage  in  tumor  lesions,  free  floating  tissue 
sections  were  quenched  with  3%  H2O2  (in  case  of  DAB 
staining)  and  blocked  with  goat  serum  for  1  h,  before 
adding  a  primary  antibody  against  human  CD44  (Mab  29.7 
at  1:50  dilution  of  hybridoma  supernatant)  kindly  provided 
by  lim  Quigley,  TSRI  [21],  or  M13  phage  (anti-M13, 
Exalpha  Biologicals  Inc.  Watertown,  MA,  at  20  pg/ml 
final).  After  overnight  incubation  and  washing,  sections 


were  incubated  for  2  h  with  anti-mouse  HRP/Alexa  Fluor- 
594  (4  pg/ml;  Invitrogen/Molecular  Probes),  washed  again 
and  placed  onto  slides  for  incubation  with  3.3-diam- 
inobenzidine  as  a  chromogen  for  HRP  (BD  Biosciences). 
Zink  fixed  tissues  were  de-paraffinized  and  antigen  retrie¬ 
val  performed  in  1  mM  EDTA  for  15  min  at  100°C  fol¬ 
lowed  by  treatment  as  above.  Tissues  were  incubated  with 
primary  antibodies  anti-mouse  F4/80  (5  pg/ml;  Cedarlane) 
or  anti-human  Ki67  (20  pg/ml;  BD  Pharmingen)  for  1  h, 
followed  by  HRP-anti  rat  (4  pg/ml;  Jackson  Immunore- 
search)  or  biotinylated  anti-mouse(7.5  pg/ml;  Vector 
Laboratories  Inc.)  antibodies  respectively.  Following  the 
biotinylation  step,  tissues  were  treated  with  the  vectastain 
ABC  kit  and  all  samples  were  subsequently  treated  with  the 
peroxidase  substrate  Vector  SG  (Vector  Laboratories  Inc.). 
Slides  were  analyzed  and  images  deconvoluted  using  an 
Axiolmager  Ml  m  microscope  and  AxioVision  4.6  soft¬ 
ware  (Zeiss,  Thornwood,  NY).  Percent  area  covered  by 
Ki67  or  F4/80  signal  relative  to  lesion  area  measured  was 
measured  with  MetaMorph  image  processing  software. 

ScFv  and  ligand  binding  to  purified  av/?3  receptor 
protein 

Biotinylated  natural  ligands  of  av/13:  vitronectin  (VN), 
fibronectin  (FN)  or  fibrinogen  (Fg)  (10  pg/ml)  were  incu¬ 
bated  with  purified  immobilized  av/13  receptor  protein  in 
TBS  containing  Ca2+,  Mg2+,  and  Mn2+  (1  mM  each),  in 
the  presence  of  increasing  concentrations  of  purified  scFv 
protein.  A  non-function  blocking  scFv  directed  against  the 
integrin  av  subunit,  scFv  20,  was  used  as  a  control.  Ligand 
binding  was  measured  after  1  h  at  30°C  using  alkaline 
phosphatase-conjugated  goat-anti-biotin  antibody  (Sigma 
at  1:200  dilution  of  serum),  followed  by  a  colorimetric 
substrate  reaction. 

Antibody  cell  binding  kinetics 

To  define  conditions  for  half  maximal  scFv  binding,  MDA- 
MB-435^3D723r  cells  were  incubated  with  purified  FLAG- 
tagged  scFv  protein  in  increasing  concentrations  of  Mn2+ 
(3.75-100  pM).  Binding  was  measured  by  flow  cytometry 
with  murine  M2  anti -FLAG  antibody  (15  pg/ml;  Sigma, 
St.  Louis,  MO)  followed  by  FITC  anti-mouse  (30  pg/ml; 
Pierce).  Using  the  Mn2+  concentration  (25  pM)  that  yiel¬ 
ded  half  maximal  scFv  binding,  scFv  binding  saturation 
was  then  measured  by  incubating  M DA-M B-435 /hd723r 
cells  for  1  h  with  increasing  concentrations  of  directly 
FITC-labeled  scFv  five  protein  (2.34-150  pg/ml).  The 
kinetics  of  scFv  cell  association  and  dissociation  were 
analyzed  by  flow  cytometry  with  directly  FITC-labeled 
scFv  protein  at  half  maximal  Mn2+  concentration  and 
saturating  scFv  concentration,  using  MDA-M  B-435 /hd723r 
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cells.  Association  time  was  measured  after  removing 
unbound  ligand  in  10  min  intervals.  To  determine  disso¬ 
ciation,  cells  were  first  allowed  to  bind  scFv  for  1  h  to 
reach  binding  saturation,  after  which  unbound  ligand  was 
removed  and  the  cells  washed,  before  measuring  remaining 
bound  scFv  in  10  min  intervals.  FITC-labeled  fibrinogen 
(Fg)  was  used  as  a  natural  ligand  for  comparison.  All 
incubations  were  done  on  ice  using  ice-cold  buffers  to 
prevent  scFv  or  ligand  internalization. 

Western  blot  analysis  and  immunoprecipitation 

To  study  scFv  caspase-3  interaction,  tumor  cells  were  lysed 
in  RIPA  buffer  and  equal  amounts  of  protein  separated, 
blotted,  and  detected  with  rabbit-anti-caspase-3  antibody 
Sc7148  (0.5  pg/ml;  Santa  Cruz)  followed  by  goat-anti-rab- 
bit-IgG/HRP  conjugate  (26.6  ng/ml;  Zymed,  San  Fransisco, 
CA).  Caspase-3  was  immunoprecipitated  from  cell  lysates  in 
the  presence  of  protease  inhibitors  (Roche  complete  Mini 
tablet,  EDTA-free  and  2  mM  PMSF)  using  goat-anti-cas- 
pase-3  antibody  Scl225  (1  pg/100  pi  lysate;  Santa  Cruz) 
and  protein  G  Sepharose  beads.  Control  lysates  were  incu¬ 
bated  with  protein  G  beads  only.  Precipitated  proteins  were 
analyzed  on  4-20%  SDS-PA  gels,  blotted  and  detected  with 
rabbit-anti-caspase-3  (0.5  pg/ml)  and  goat-anti-rabbit-IgG/ 
HRP  conjugate  (26.6  ng/ml).  Interaction  between  scFv 
antibodies  and  caspase-3  was  analyzed  by  co-immuno  pre¬ 
cipitation  using  anti-caspase-3  as  above.  Flag-tagged  scFv  5 
(10  pg),  or  scFv  Mut  5  (RGE  mutant  of  scFv  5)  as  control, 
were  added  to  cell  lysates  before  western  blotting  with 
mouse-anti-Flag  (1:500  of  Sigma  F3165),  followed  by 
donkey-anti-mouse-IgG  (0.5  pg/ml).  Controls  included  IP 
without  scFv  antibodies,  addition  of  scFv  5  but  no  goat-anti- 
caspase-3  antibody,  and  a  combination  of  beads,  lysis  buffer 
(instead  of  lysate)  and  either  scFv  5  or  scFv  Mut  5. 

ELISA-based  analysis  of  caspase-3  and  scFv 
interaction 

To  analyze  binding  of  caspase-3  to  the  scFv  antibodies,  96- 
well  plates  were  coated  with  recombinant  procaspase-3 
(2  pg/ml)  (BioVision,  Moutain  View,  CA),  blocked,  and 
incubated  with  Flag  tagged  scFv  5  (1-15  pg/ml)  or  scFv 
Mut  5  (non  RGD  containing  control)  in  the  presence  of 
2  mM  MnCE.  Binding  was  measured  after  incubation  with 
mouse-anti-Flag  (Sigma)  and  donkey-anti-mouse-IgG 
(lackson  Immuno  Research  Laboratories,  West  Grove,  PA; 
all  antibodies  used  at  0.5  pg/ml). 

Activation  of  caspase-3  in  hypotonic  cell  lysates 

Activation  of  caspase-3  in  hypotonic  lysates  of  293A  cells 
or  as  recombinant  protein  was  measured  at  end  points  using 


the  Caspase-Glo  3/7  Assay  (Promega)  and  caspase-3/7 
specific  peptide  sequence  Asp-Glu-Val-Asp  (DEVD). 
Hypotonic  cell  lysates  were  pepared  as  desribed  [46].  Cell 
lysates  were  combined  with  scFv  5  or  scFvMut  5,  or  with 
RGD  or  RAD  peptides.  Cytochrome  c/dATP  was  used  as 
positive  control  and  PBS  as  negative  control.  Samples  were 
incubated  for  1  h  at  37°C,  before  adding  Glo  reagent 
(Promega,  Madison,  WI)  and  measuring  bioluminescence 
as  relative  light  units  (RUL).  GRGDNP  was  used  as  RGD 
peptide  and  GRADSP  as  RAD  control  as  reported  [27]. 
Chromogenic  substrate  reactions  were  used  for  continuous 
measurements  of  caspase-3  activity.  Hypotonic  cell  lysates 
were  combined  with  scFv  5  or  scFv  Mut  5,  and  DEVD- 
pNA  was  added  in  excess  to  monitior  absorption  at  405  nm 
every  20  s  for  2  h  at  37°C.  Cytochrome  c/dATP  was  used 
as  positive  control.  Maximum  reaction  velocity  (Vmax)  was 
determined  by  graphing  absorption  versus  time  using  the 
linear  graph  parts. 

Activation  of  recombinant  caspase-3 

Recombinant  procaspase-3  was  expressed  in  E.  coli  and 
His-tag  purified  as  described  [47],  Recombinant  procas- 
pase-3  was  incubated  with  scFv  5,  or  scFv  Mut  5  as  con¬ 
trol,  in  caspase  assay  buffer  (50  mM  HEPES,  pH  7.5, 
150  mM  NaCl,  0.1%  CHAPS,  10%  sucrose,  10  mM  DTT) 
in  the  presence  of  1  mM  Mg2+.  Granzyme  B  was  used  as  a 
positive  control.  Activity  was  measured  based  on  biolu¬ 
minescence  signal  30  min  after  adding  Glo  Reagent.  For 
continuous  measurement  of  recombinant  caspase-3  activ¬ 
ity,  recombinant  procaspase-3  was  incubated  with  scFv  5, 
or  scFv  Mut  5  as  negative  control,  in  PBS  with  10  mM 
DTT,  with  or  without  4  mM  MgCE  for  15  min  at  37°C. 
Ac-DEVD-AFC  (100  pM  final)  was  added  as  fluorgenic 
caspase-3  substrate  and  fluorescence  measured  continu¬ 
ously  for  30  min.  Vmax  was  determined  by  graphing  fluo¬ 
rescence  against  time. 
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